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Abstract
A classification of existing algorithms for dynamic change of network structures in ad-
hoc 10T networks is provided. The proposed algorithm for dynamic change of information
transmission channels is described, and its position among existing approaches is established.
The algorithm employs Dijkstra’s shortest path method with a composite cost function
integrating five weighted factors: residual node energy, inter-node distance, wireless link
quality, node traffic load, and link congestion. A Python-based discrete-event simulation
framework built on SimPy and NetworkX is developed to evaluate the proposed algorithm
against four established routing protocols: shortest-path (hop-count), AODV, LEACH-C, and
energy-aware routing. The results of conducted research and their comparative analysis are
presented.
Comprehensive experiments across five scenarios involving 30 independent trials with
50 nodes demonstrate that the proposed multi-criteria algorithm achieves the highest packet
delivery ratio of 98.9% in stationary networks and 96.9% in mobile environments, while
maintaining competitive latency and energy fairness. Scalability tests with up to 200 nodes
confirm sustained performance advantages. The advantage of using the proposed algorithm
for network structure change is demonstrated according to various criteria, including packet
delivery ratio, network lifetime, and energy fairness. The commonalities among all tested
algorithms are discussed, and conclusions of the work are presented.

Key words: ad-hoc networks, dynamic topology management, multi-criteria routing, 10T
mesh network simulation, energy-aware routing, Dijkstra algorithm, wireless sensor
networks, discrete-event simulation.
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Introduction

Relevance of the work. The rapid proliferation of Internet of Things (1oT) devices has
created an urgent need for robust, self-organizing wireless mesh networks capable of
operating in dynamic environments. 10T mesh networks, built on standards such as IEEE
802.15.4 (ZigBee), IEEE 802.11s, and Thread, enable multi-hop communication where sensor
nodes cooperatively forward data packets toward a destination. Unlike centralized star
topologies, mesh networks offer inherent redundancy and extended coverage, making them
particularly suitable for large-scale deployments in smart cities, environmental monitoring,
industrial automation, and precision agriculture [1, 2].

A critical aspect of these networks is the dynamic nature of their topology. Nodes
continuously deplete their limited battery reserves, experience hardware failures, or physically
relocate. When a relay node fails, all routes traversing that node become invalid, potentially
partitioning the network and causing significant packet loss. Existing routing protocols for ad-
hoc networks, such as AODV [5] and OLSR [6], optimize primarily for hop count or link
state without considering the heterogeneous and time-varying nature of 10T node resources.
This creates energy hotspots at central relay nodes, accelerating their failure and reducing
overall network lifetime. The development of routing algorithms that simultaneously account
for multiple dynamic network parameters—energy, distance, link quality, load, and
congestion—remains an open and relevant research problem [3, 4].

Issues under consideration. This work addresses the following research questions: (1)
How can multiple criteria—node energy, physical distance, wireless link quality, traffic load,
and link congestion—be integrated into a single cost function for routing decisions in 10T
mesh networks? (2) How does the proposed multi-criteria algorithm compare against
established routing protocols (shortest-path, AODV, LEACH-C, and energy-aware routing) in
terms of packet delivery ratio, network lifetime, energy fairness, and latency? (3) How does
the algorithm perform under varying conditions, including network scale (12-200 nodes),
node mobility (0-10 m/s), and different traffic patterns? (4) Can adaptive weight tuning
improve performance compared to fixed weight configurations?

Structure of the article. The remainder of this paper is organized as follows. Section 2
reviews existing routing algorithms for ad-hoc networks and establishes their classification.
Section 3 describes the proposed multi-criteria algorithm, including its cost function and
adaptive weight mechanism. Section 4 presents the discrete-event simulation framework used
for evaluation. Section 5 provides experimental results and comparative analysis across five
scenarios. Section 6 discusses commonalities among the tested algorithms. Section 7
establishes the classification and position of the proposed approach among existing methods,
and Section 8 concludes the paper.

Review and Classification of Existing Routing Algorithms

Routing protocols for wireless ad-hoc and sensor networks can be classified along
several dimensions: proactive versus reactive route discovery, flat versus hierarchical
topology, and single-criterion versus multi-criteria path selection [3, 8]. This section reviews
the four algorithms used as comparison benchmarks in this study.
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Shortest-Path Routing (Hop-Count Dijkstra). The baseline approach uses Dijkstra’s
algorithm to find the path with the minimum number of hops between source and destination.
This method is computationally efficient and produces optimal paths in terms of hop count.
However, it is oblivious to node energy levels, link quality, and traffic load. In dense
networks, shortest-path routing consistently directs traffic through central relay nodes,
creating “bottleneck nodes” that deplete their batteries significantly faster than peripheral
nodes. In our experiments, shortest-path routing achieved a PDR of 96.8% with the worst
energy fairness (Jain’s index 0.856) among all tested algorithms [9].

AODV (Ad-hoc On-Demand Distance Vector). AODV, defined in RFC 3561 [5], is a
reactive protocol that discovers routes only when a data packet needs to be sent. The source
node broadcasts a Route Request (RREQ) message that propagates through the network; the
destination replies with a Route Reply (RREP) along the reverse path. Routes are maintained
with sequence numbers to prevent loops and detect stale entries. The reactive nature of
AODV minimizes control overhead during idle periods but introduces route discovery latency
of 100-500 ms for the first packet on each new route. AODV performs well in mobile
scenarios due to its ability to rapidly discover fresh routes [10].

LEACH-C (Low-Energy Adaptive Clustering Hierarchy — Centralized). LEACH-C [7]
organizes nodes into clusters, each managed by a cluster head selected based on residual
energy. Regular nodes transmit to their nearest cluster head, which aggregates data and
forwards it toward the sink. Cluster heads are re-elected periodically (every 30 seconds in our
implementation) to distribute the energy burden. LEACH-C achieves the best energy fairness
(Jain’s index 0.922) among the tested algorithms but introduces a minimum two-hop latency
(node — cluster head — destination path) and higher average delay [7, 11].

Energy-Aware Routing. This approach selects routes that maximize the minimum
residual energy among all nodes on the path (max-min energy criterion). By protecting the
weakest node on any candidate path, energy-aware routing is effective at delaying the first
node failure. In our stationary experiments, it achieved first-node-death at 86 seconds
compared to 62 seconds for shortest-path routing. However, by considering only energy, this
approach ignores link quality, distance, and congestion, resulting in suboptimal PDR (98.1%)
compared to the multi-criteria approach [12, 13].

Proposed Multi-Criteria Routing Algorithm

The proposed algorithm extends Dijkstra’s shortest path algorithm with a composite
cost function that evaluates each link across five criteria. The cost of traversing a link from
node i to node j is defined as:

C(i,)) = wi/Ej + w2+ (di/ 100) + w3/Qsj + wa-Li2 + ws T, @)

where E; is the residual energy ratio of node j (0 to 1), d;j is the Euclidean distance between
nodes 1 and j, Qj is the link quality (0.3 to 1.0), L; is the traffic load of node j (0 to 1), and I'j;
is the congestion level of the link (0 to 1). The weights w: through ws are configured as shown
in Tab 1.
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Table 1
Default weight configuration for the multi-criteria cost function
Factor Weight Rationale
1/Energy 0.30 Avoids low-battery nodes; cost triples as energy drops from 60% to 20%
Distance/100 0.20 Prefers shorter hops to reduce path loss and energy consumption
1/Quality 0.20 Penalizes unreliable wireless links with high error rates
Load x 2 0.20 Distributes traffic away from overloaded relay nodes
Congestion 0.10 Avoids congested links to reduce queuing delays

The total path cost is the sum of individual link costs along the route. The algorithm
uses Dijkstra’s algorithm with a priority queue to find the minimum-cost path from source to
destination, considering only active nodes. Routes are cached with a time-to-live (TTL) of 10
seconds; expired routes trigger recomputation to adapt to changing network conditions.

Adaptive Weight Mechanism. The algorithm incorporates an optional adaptive weight-
tuning mechanism that adjusts the five cost weights based on real-time network state. Every
10 seconds, the algorithm evaluates average node energy, average congestion, average load,
and average link quality across the network. When average energy falls below 60%, the
energy weight is scaled up linearly (up to 2.5x at 10% average energy). Similar scaling
applies to congestion (threshold: 30%), load (threshold: 40%), and quality (threshold: 60%).
After scaling, weights are renormalized to sum to 1.0. This mechanism ensures that the
algorithm shifts its optimization priority toward the most critical network resource as
conditions evolve,

Simulation Framework

The simulation environment is implemented in Python using SimPy 4.0 for discrete-
event modeling and NetworkX 3.0 for graph algorithms and topology management. The
framework models a complete 10T mesh network with realistic physical-layer characteristics.
Fig. 1 illustrates the two-step network construction process: random node placement followed
by mesh topology formation based on communication range.

Network Model. Nodes are deployed randomly in a 400x400 m area. Each node is
modeled as a battery-powered 10T sensor with initial energy uniformly distributed between
0.3 and 0.5 Joules, following the energy model conventions established by Heinzelman et al.
[7] for wireless sensor network simulations. Nodes within a mesh range of 150 m (tyFigal
outdoor ZigBee range) form bidirectional wireless links, creating a partial mesh topology. The
network supports node mobility using a random waypoint model with configurable speed and
mobile fraction [14, 15].
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Fig. 1 Network construction: (a) random node placement with 150 m communication range
circles; (b) resulting mesh topology with connectivity indicators
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Fig. 2 Network state at t = 100 s:
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Energy Model. Energy consumption follows the first-order radio model [7]:
Etx(kad) = Eelea'k + Eamp'k'dn (2)

where Ec.a = 50 nl/bit is the electronics energy, k = 8192 bits (1024-byte packet), and the
amplifier energy E.m, uses the free-space model (10 pJ/bit/m?2) for distances below the
crossover distance do = 87 m and the multi-path model (0.0013 pJ/bit/m*) for longer distances.
Receive energy is Eix = Eea'k. Nodes fail when residual energy drops below 5% of initial
capacity and have a 5% per-second chance of recovery (simulating energy harvesting or
battery replacement) [7, 16].

Wireless Channel Model. The log-distance path loss model is used:
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PL(d) = PL(do) + 10n-logie(d/ds) + Xo, (3)

with reference path loss PL(do) = 40 dB at 1 m, path loss exponent n = 2.5 (tyFigal outdoor),
and Gaussian shadow fading Xo with standard deviation 3 dB. Packet success probability is
computed using a sigmoid function of the signal margin above receiver sensitivity (—100
dBm, tyFigal 802.15.4), multiplied by the current link quality factor [17].

Packet Transmission. Packets are transmitted hop-by-hop along the computed route. At
each hop, the simulator models MAC-layer retransmission with up to 3 retry attempts. A
packet is marked as failed if any hop exhausts its retries or if the next-hop node has failed.
Link congestion increases by 0.1 per packet and decays at 10% per second. Link quality
fluctuates randomly within +0.02 per second, bounded between 0.3 and 1.0 [14].

Evaluation Metrics. To assess energy distribution fairness across the network, we use
Jain’s fairness index [7], defined as:

J(x1, Xz, ..., Xo) = (Zxi)? / (n - Ix2), (4)

where x; represents the energy ratio (residual/initial) of node i and n is the total number of
active nodes. The index ranges from 1/n (maximally unfair, all energy consumed by one
node) to 1.0 (perfectly fair, all nodes have equal energy). A higher value indicates more
equitable energy consumption across the network. This metric, originally proposed by Jain et
al. (1984) for measuring resource allocation fairness in computer networks, is widely used in
wireless sensor network research to evaluate how evenly routing algorithms distribute the
communication burden.

Experimental Results and Comparative Analysis

Five experiments were conducted to evaluate the proposed algorithm from different
perspectives. Each experiment consists of 30 independent trials with different random seeds to
ensure statistical robustness. The default configuration uses 50 nodes deployed in a 400x400
m area with 150 m mesh range. The five algorithms compared are: Multi-Criteria (MC),
Shortest Path (SP), AODV, LEACH-C (LC), and Energy-Aware (EA).

Experiment 1: Algorithm Comparison. Table 2 presents the performance of all five
algorithms under stationary and mobile (5 m/s) conditions.

The multi-criteria algorithm achieves the highest PDR (98.88%) in stationary
conditions, outperforming shortest-path routing by 2.04 percentage points. In mobile
environments at 5 m/s, AODV’s reactive nature provides a slight advantage (97.83% vs.
96.89%), as on-demand route discovery naturally adapts to topology changes caused by node
movement. LEACH-C achieves the best energy fairness (0.922) in stationary conditions due
to its cluster-head rotation mechanism.
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Algorithm comparison results (50 nodes, 30 trials)

Table 2

Algorithm PDR (%) Stat. PDR (%) Latency (ms) Stat. | Fairness Stat. Fairness Mobile
Mobile
Multi-Criteria 98.88 96.89 45.3 0.896 0.968
Energy-Aware 98.12 96.87 46.6 0.891 0.967
AODV 97.63 97.83 45.1 0.883 0.929
LEACH-C 97.66 97.24 53.0 0.922 0.967
Shortest Path 96.84 96.62 45.9 0.856 0.893

100

ot Daboary Rt (%)
X

Po

S22 :
%
; L (&)
-
20 !
B A

» #
-~ G
5 e

Fig. 3 Algorithm comparison: PDR, latency, and energy metrics across

# - e :
1 1
| 2
; n 3
H B
|
[
) :
' 5l 2
¢ “ onen
- =

o
:

(g "
.

0060

0055

0.0¢0

AR NoOo Erergy 11enee
o

000

i -
(_‘.
. §oers

Bosmo
| it

-

& o~

o o

,

Algorithm Performance Comparison

Qu7s
I 0.850
fouzs

% asm0

- 0825

0.800

050

five routing protocols (stationary, 50 nodes, 30 trials)

Experiment 2: Scalability (12 to 200 nodes). Network size was varied from 12 to 200
nodes to assess scalability. At 200 nodes in stationary conditions, the multi-criteria algorithm
maintains 99.0% PDR with 86 ms average latency, compared to 98.0% PDR for shortest-path
and 96.4% for energy-aware routing. Under mobility, all algorithms experience significant
degradation at scale, but the multi-criteria algorithm retains the highest PDR at 87.9% versus
83.0% for both shortest-path and energy-aware alternatives. These results confirm that the
multi-criteria cost function scales effectively to larger networks.
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Fig. 4 Scalability analysis: PDR and latency as a function of network size (12-200 nodes)

Experiment 3: Network Lifetime. Network lifetime is measured by two thresholds: time
to first node death and time until 25% of nodes have failed. Tab. 3 summarizes the results.

Network lifetime comparison (seconds)

Table 3

Algorithm 1st Death (Stat.) 25% Dead (Stat.) = 1st Death (Mobile) 25% Dead (Mobile)
Multi-Criteria ~107 ~175 ~94 ~184
Energy-Aware ~86 ~170 ~101 ~184

LEACH-C ~60 ~200 ~80 ~237
Shortest Path ~62 ~180 ~63 ~206

Network lifetime is evaluated using first node death and the 25% failure threshold rather
than complete network death, because in multi-hop wireless sensor networks the loss of
critical relay nodes causes network partitioning and connectivity collapse long before all
nodes exhaust their batteries. Consequently, the network becomes functionally inoperable
well before 100% node failure, making partial failure thresholds more practical and widely
adopted metrics in WSN literature [3, 16]. The multi-criteria algorithm delays first node death
the longest in stationary conditions (107 s), exceeding energy-aware routing by 24% and

10
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shortest-path by 73%. This is because the multi-criteria cost function penalizes low-energy
nodes, distributing traffic more evenly. LEACH-C achieves the best long-term survival (25%
threshold at 200-237 s) due to its periodic cluster-head rotation, which fundamentally
redistributes the energy burden [7].
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o

140

-
&
|
I

120

0o

me o Fust Noos Death 3
=]
=

Tiees B 10°% Nocess Deeyd (5)

1
3 &
] S
I

2 2

[11]

Do

N Node Esergy [bottonack)
& =
- =]

N

00
o 100 200 00 400 500 Goo 100 8OO o 100 200 300 400 500 000 00 800
S

Shonuitabion Time (%) musaton Thees (81

Fig. 5 Network lifetime: cumulative node failures over time for each algorithm

Experiment 4: Mobility Impact. Node speed was varied from 0 to 10 m/s to assess
mobility resilience. At 10 m/s, AODV achieves the highest PDR (96.57%) owing to its
reactive route discovery, followed by energy-aware (95.67%) and multi-criteria (94.83%).
The multi-criteria algorithm degrades approximately 4% from stationary to 10 m/s mobility,
while shortest-path degrades most severely. The 10-second route cache TTL becomes a
limiting factor at high speeds, as cached routes may reference nodes that have moved out of
range [10].

Experiment 5: Adaptive vs. Fixed Weights. The adaptive weight mechanism provides
marginal improvement (1-2% in energy fairness) over the fixed default weights in most
scenarios. Over a 600-second simulation, the energy weight increases from 0.300 to 0.418
(stationary) and 0.425 (mobile) as batteries deplete, while distance and quality weights
decrease correspondingly. The adaptation is more pronounced in mobile networks where
conditions change more rapidly.

The results confirm that the default weight configuration is near-optimal for tyFigal
deployments, while the adaptive mechanism provides a safety margin for extended operation
[18].
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Impact of Node Mobility on Routing Performance
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Commonalities of the Algorithms

Despite their differing strategies, all five routing algorithms share several fundamental
properties that arise from the common problem domain of multi-hop wireless communication
in resource-constrained networks.
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First, all algorithms rely on a graph-based representation of the network topology,
where nodes correspond to 10T devices and edges correspond to wireless links within
communication range. The routing decision in every case reduces to a path selection problem
on this graph. Dijkstra’s algorithm or its variants (breadth-first search for unweighted graphs)
serves as the computational backbone for four of the five algorithms; only LEACH-C departs
from pure shortest-path computation by introducing a hierarchical cluster structure [3, 7].

Second, all algorithms exhibit sensitivity to network density. In sparse networks (fewer
than 20 nodes in a 400x400 m area), all algorithms converge toward similar performance
because routing options are limited—often only one or two paths exist between any source-
destination pair. The differentiation between algorithms becomes meaningful only when the
network provides sufficient path diversity, tyFigally above 30-40 nodes in the tested
deployment area [8].

Third, all algorithms benefit from mobility in terms of energy fairness. When nodes
move, the set of relay nodes changes over time, naturally distributing the forwarding burden
across a larger subset of the network. This was observed consistently across all experiments:
energy fairness (Jain’s index) improved under mobility for every algorithm, from 0.856-0.922
(stationary) to 0.893-0.968 (mobile at 5 m/s). This suggests that mobility, while challenging
for route stability, has an inherent load-balancing effect that complements algorithmic
optimization [10].

Fourth, all algorithms share the fundamental trade-off between route optimality and
route freshness. Proactive algorithms (multi-criteria, shortest-path, energy-aware) maintain
continuously updated routing tables but may use stale information between updates. The
multi-criteria algorithm addresses this with a 10-second cache TTL. Reactive algorithms
(AODV) guarantee fresh routes but incur discovery latency. LEACH-C occupies a middle
ground with periodic re-clustering every 30 seconds. No algorithm entirely resolves this trade-
off; rather, each makes a different design choice along the optimality—freshness spectrum [5,
6].

Fifth, packet delivery ratio for all algorithms exceeds 96% under stationary conditions
with 50 nodes, confirming that the underlying mesh topology with 150 m range and 400x400
m deployment provides sufficient connectivity for reliable communication regardless of the
routing strategy.

The algorithms differentiate themselves primarily in their secondary effects: energy
distribution, lifetime extension, and adaptation to dynamic conditions [9].

Classification and Position of the Proposed Algorithm

The proposed multi-criteria routing algorithm occupies a distinct position in the
taxonomy of ad-hoc routing protocols. Table 4 classifies the tested algorithms across key
dimensions.

The multi-criteria algorithm is the only approach that simultaneously considers energy
conservation, path quality, load balancing, and congestion avoidance within a single unified
framework. While each single-criterion algorithm excels in its specific dimension (energy-
aware for lifetime,
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Table 4
Classification of routing algorithms

Property MC SP AODV LEACH-C EA
Discovery Proactive Proactive Reactive Hierarchical Proactive
Criteria 5 factors Hop count Distance Cluster dist. Energy
Adaptive Yes No No Periodic No
Best PDR 98.9% 96.8% 97.6% 97.7% 98.1%
1st Death (s) 107 62 N/A 60 86

AODV for mobility, LEACH-C for fairness), the multi-criteria approach provides the
best overall balance across all metrics. The adaptive weight mechanism further distinguishes
the proposed algorithm by enabling dynamic rebalancing of optimization priorities without
manual intervention [3, 8].

The weight sensitivity analysis (varying all five weights across multiple configurations)
demonstrates that the algorithm is robust to weight selection: PDR remains within a 0.4
percentage point range (98.7-99.1%) across all tested weight configurations in stationary
conditions. This robustness suggests that the multi-criteria approach provides stable
performance even without precise a priori knowledge of optimal weights.

Conclusion

This paper presented a multi-criteria routing algorithm for dynamic 10T mesh
networks that integrates five weighted cost factors—residual energy, distance, link quality,
traffic load, and congestion—into a Dijkstra-based path selection framework. A
comprehensive discrete-event simulation environment was developed using SimPy and
NetworkX to evaluate the algorithm against four established routing protocols across five
experimental scenarios.

The experimental results lead to the following conclusions:

1. The multi-criteria algorithm achieves the highest packet delivery ratio (98.9%) in
stationary networks, outperforming shortest-path routing by over 2 percentage points
and energy-aware routing by 0.8 percentage points.

2. First node death is delayed to 107 seconds (stationary), representing a 73%
improvement over shortest-path and 24% improvement over energy-aware routing,
demonstrating effective bottleneck mitigation.

3. The algorithm scales well from 12 to 200 nodes, maintaining superior PDR at all
tested network sizes in both stationary and mobile conditions.

4. The adaptive weight mechanism provides a self-tuning capability that increases the
energy weight from 0.30 to 0.42 as batteries deplete, offering marginal but consistent
improvements in energy fairness.
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5. In high-mobility scenarios (10 m/s), reactive protocols such as AODV outperform the
proposed approach, suggesting that future work should explore hybrid proactive-
reactive strategies or reduced cache TTL values.

Future research directions include extending the algorithm with multipath routing for
critical packets, integrating machine learning for weight prediction, and validating the
simulation results on real hardware platforms such as ESP32 or nRF52 with ZigBee
communication modules.
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AJTOPUTM JUHAMMYECKOI'O U3BMEHEHHUSI KAHAJIOB IEPEJIAUYU
WUH®OPMAIINHU B AD-HOC 10T CETSIX 1 ETO MECTO CPEIHA
CYIECTBYIOIMX MMOJIXOJA0B

A.D. Aiipanersin’, M.B. Mapkocsin®
Hayuonanvuwtii nonumexnuveckuti ynusepcumem Apmenuu
2Epeeanckuii HUU Cpeocme Ceasu

[lpencraBiena kinaccuuKalus  CyIHIECTBYIOIIMX — QITOPUTMOB  JAWHAMHUYECKOTO
U3MEHEeHUs ceTeBbIX CTpyKTyp B ad-hoc IoT cersx. Ommcan mnpeiaraeMblii alrOpuT™M
JUHAMHYECKOr0 U3MEHEHHUs KaHaJIOB NepeJaud MHPOpPMAaIKi U YCTaHOBJIEHO €T0 MOJI0KEHUE
Cpely CYHIECTBYIOIUX ITOAXOIO0B.

ANTOpUTM HCIIONIB3YeT METOJ Kparyailmero mnyTH JleHkcTpsl ¢ KOMIO3UTHOMN
B3BEIIEHHON (QYHKIUEH CTOMMOCTH, WHTErpUpPYIOLIEH NATh B3BEIICHHBIX (PAKTOPOB:
OCTaTOYHYIO SHEPrHIO y371a, PacCTOSIHUE MEXAy Yy3J1aMH, KauyecTBO OECIpPOBOIHOM CBS3H,
3arpy>KeHHOCTh y3/1a TpauKOM U neperpykeHHocTh kaHana. Ha ocnoBe SimPy u NetworkX
pa3paboTaHa miIaTGopma JAUCKPETHO-COOBITUHHOTO MojaearpoBaHus Ha Python ans oneHku
IpeIaraéMoro ajiropuTMa IO CPAaBHEHUIO C YETBHIPbMS YCTAaHOBJIEHHBIMHU IPOTOKOJIAMH
MapinpyTusanun: kpardaiimuit nyth (hop-count), AODV, LEACH-C u sHeprosddexTrBHas
Mapupytuszauus. IlpeacraBieHbl  pe3yibTaThl MPOBEIEHHOTO HCCIENOBAaHHMS U UX
CpPaBHUTEIBHBIN aHAIIN3.

KommuiekcHble 3KCIepUMEHTHI MO IMSATH CLEeHapusM, BKIodaromue 30 He3aBHCHMBIX
ucnelTaHuil ¢ 50 y3/maMu, JEMOHCTPUPYIOT, UYTO IpeaIaraéMblii MHOTOKPUTEpPUAIbHBIN
QITOPUTM  JIOCTUTAeT HAWBBICIIEro Kod(pQHIMeHTa JOCTaBKM MaketoB 98,9% B
CTallMOHapHBIX ceTax U 96,9% B MOOWIBHBIX cpemax, MNpU ITOM COXpaHssA
KOHKYPEHTOCIIOCOOHYIO 3aJepXKKy M CIPaBeUIMBOCTb paclpeneieHusi »Hepruu. TecTsl
MaclTabupyeMOCTH € KOJu4ecTBOM y310B 10 200 MOATBEP)KIAIOT  yCTOHUYMBBIC
IIPEUMYIIIECTBA IIPOU3BOUTEIIBHOCTH. [TponemMoHCTpUPOBaHO IIPEUMYLIECTBO
WCIIOJIb30BaHUs IIPEUIaracMoro ajaropuTMa il U3MEHEHHs CTPYKTYPBI CETH IO Pa3IU4HBIM
KPUTEPHSIM, BKIIOYasg KOXPQPHUIMEHT JOCTaBKM IAKeTOB, BpeMs JKU3HM CETH U
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Abstract

The diversity of forms of electrical energy use in virtually all areas of our society
underscores the relevance of the concept of developing more powerful energy sources that
cause minimal harm to the environment. Wind energy, which has undergone rapid
development, has until recently been considered one of the most environmentally friendly
ways to generate energy. However, as our knowledge of environmental issues has expanded,
its numerous shortcomings have become apparent. The proposed technology not only allows
artificial wind to be generated in any local area, but also uses turbine-type wind generators,
which eliminate all the disadvantages of traditional wind generators. The article proposes a
design for a wind power plant that implements this technology, considers issues related to its
daily activity, and analyzes how its parameters depend on the seasons. A modification of the
wind power plant is proposed for construction in foothill areas, where the highest power
generation rates are achieved.

Key words: artificial wind generator, wind power plant, turbine-type wind generator,
energy ecology.

Introduction

Growing public demand for the preservation of our planet's ecological purity is
encouraging scientists to develop more powerful sources of renewable energy capable of
replacing nuclear and thermal power plants, which cause the most damage to the environment.
Not only do they produce high levels of harmful emissions, but each of them, with an
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efficiency of approximately 30-40%, releases the remaining energy from its production cycle
into the atmosphere in the form of thermal energy, which is twice the amount of energy
supplied to the homes of its actual consumers.

Hydropower is the cheapest and most environmentally friendly way to generate
electricity. With capital investments in power plant construction amounting to only $1,400 per
1 kW of energy, it generates 14.7% of global energy consumption, according to the
International Energy Agency's data for 2024. However, its further development does not seem
possible, as all countries have already fully utilized their water resources since the
construction of the first power plant in 1882 in the United States on the Fox River (740 W)
and the next more powerful one (37 MW) built on Niagara Falls in 1895. From this
perspective, global wind energy resources can be considered inexhaustible. Therefore, despite
the rapid growth in the share of wind energy in global electricity consumption from 1.1% in
2001 to 8.1% in 2024, it seems appropriate to develop more technologically advanced
methods of converting wind energy into electricity and to conduct a comparative analysis of
their parameters with the traditional technologies currently in use.

Disadvantages of traditional energy production technologies

Coal-fired power plants cause the most damage to our planet's environment, emitting
900 g of various harmful substances into the atmosphere for every 1 kW*hour of energy
produced, a large proportion of which is carbon dioxide, emissions of which amounted to
40 gigatons in 2023 alone. The emissions from coal-fired power plants also include toxic
compounds of lead, thorium, uranium, and other heavy metals, which can accumulate in the
human body. Coal-fired power generation ranks second after hydropower in terms of capital
investment in power plant construction, at $2,000 per 1 kW of capacity. Therefore, it is
regrettable to note that coal is currently the largest source of electricity, generating 34% of the
world's energy [1], which is more than three times the share of nuclear power plants (10%),
which emit only 28 g of harmful substances per 1 kW *hour of energy into the atmosphere.
However, nuclear power plant reactors produce about 300 different radionuclides, 30 of
which can enter the atmosphere, with half-lives ranging from several days to several years.

During its operation, a nuclear power plant does not directly emit carbon dioxide,
however, the concept of a “carbon footprint” has been introduced for them, which includes
the amount of carbon dioxide generated during uranium ore mining, uranium enrichment, and
radioactive waste management, amounting to 88-146 g per 1 kW*hour of energy generated
from this fuel [2]. The disadvantages of nuclear power plants include very high capital
investments in their construction—3$5,500 per 1 kW of capacity—and equally high costs for
decommissioning. The Massachusetts Institute of Technology has calculated that the cost of
decommissioning a nuclear power plant is 10-15% of the cost of its construction. However,
experience shows that in some cases these costs can be many times higher. For example, in
France, the cost of decommissioning the Brenilis nuclear power plant increased 20 times
compared to the planned cost and amounted to €480 million. In the UK, 19 nuclear power
plants are decommissioned each year, costing £3 billion in budget funds.

According to Climate News Network estimates, 48 of the 144 nuclear power plants
operating in Europe should begin the decommissioning process as early as 2025. This is
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despite the fact that such advanced countries as Austria and Germany stopped building new
nuclear power plants back in 2000. This was dictated not only by the noted shortcomings of
nuclear power plants operating in normal mode, but also by the continuing threat of accidents
with unpredictable consequences. On April 20, 1986, an explosion at the Chernobyl nuclear
power plant released radioactive substances into the environment equivalent to 500 Hiroshima
bombs. On March 11, 2011, despite strict compliance with operating rules, a 15-meter
tsunami flooded the «Fukushima-1» nuclear power plant and caused three reactor core
meltdowns. The process of gradually abandoning nuclear energy is influenced not so much by
the high costs of construction and decommissioning, but primarily by the steady increase in
its cost as our knowledge of environmental issues grows [3] and the requirements for the
construction of nuclear safety systems and the process of storage and disposal of nuclear
waste increase. At the same time, the cost of wind and solar energy is steadily decreasing as
technology advances, and the share of solar energy production worldwide has doubled over
the past three years, reaching 6.9% in 2024. One of the disadvantages of solar energy is its
high capital investment—3$4,000 per 1 kW of capacity, second only to nuclear energy. The
efficiency of solar panels declines by about 1% per year, so the entire fleet of panels in solar
power plants needs to be replaced every 25 years. According to the US National Renewable
Energy Laboratory, recycling solar panels is not economically viable: recycling one panel
costs $20-30, while only $2-4 worth of materials can be recovered for reuse. Therefore, only
in some countries are up to 10% of panels recycled, while the majority are dumped in
landfills, transferring toxic heavy metals such as cadmium, selenium, and lead there.
According to estimates by the Foundation for Environmental Education (FEE), the amount of
this waste will reach 160 million tons by 2050, which is four times the amount of waste from
wind turbine blades.

The harm caused by the production of solar panels is also a major concern for
scientists [4]. The process of obtaining silicon from silicon dioxide (silicon ore) is extremely
energy-intensive, involving the preliminary processing of ore in special furnaces, which
consume 40-60 MW*hour of energy per ton of silicon produced, which is supplied by
coal-fired power plants to keep production costs low. In the process of producing this amount
of energy, these power plants emit 200-400 tons of carbon dioxide into the atmosphere.
Therefore, although solar panels do not emit harmful substances during their operation, the
“carbon footprint” from their production is 170-250 g per 1 kW*hour of energy generated [5].
The production of solar panels is also characterized by toxic soil and water pollution. After
being processed in a furnace, silicon is extracted from ore through a chemical reaction with
sulfuric acid, resulting in 3-4 tons of silicon tetrachloride being released for every ton of
silicon produced. In most countries, this is simply dumped into rivers, as its processing
requires high costs and special equipment.

Disadvantages of traditional wind generators

Capital investments in the construction of wind power plants (Fig. 1) are almost two
times lower than those for solar power plants and amount to $2,200 per 1 kW of capacity
according to 2024 data. However, compared to solar panels, their installation and further
operation are extremely complicated.
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Fig. 1. Wind turbine design and their location on the site.

Due to the absence of harmful emissions into the atmosphere, wind energy has long
been considered comparable to hydropower in terms of environmental friendliness. However,
as various aspects of its interaction with the environment have been studied in greater detail,
some very significant drawbacks have become apparent:

= Wind power plants generate infrasound with a frequency of about 20 Hz, which is
very harmful to humans and cannot be combated by technical means, since it arises when the
wind flow comes into contact with the blades and has a high penetrating ability, unlike sound
vibrations.

= Infrasound scares away snakes, rodents, small predators, and birds, which leads to the
proliferation of pests and makes the fields under wind turbines unsuitable for agriculture and
animal husbandry.

= Wind turbine blades kill birds and bats. American scientists from the animal protection
service have determined that wind turbines killed 440,000 birds in one year, and coastal wind
turbines killed 200 bats in just six weeks.

= After the blades reach the end of their service life, the composite materials they
contain prevent them from being used as secondary raw materials. Therefore, landfilling is the
only way to dispose of them, which a number of European countries have already banned on
their territory. Nevertheless, this problem adds to the global problem of plastic waste disposal,
and by 2050, 40 million tons of spent blades will need to be disposed of somewhere [6].

= Moving wind farms to the sea is no less destructive to nature. In the absence of visible
changes on the surface, the entire spectrum of vibrations generated by the turbine supports is
transmitted to their base, dispersing sea creatures and traveling through the aquatic
environment over considerable distances. Energy specialists and environmentalists do not
draw any conclusions from the fact that only higher marine mammals, which have a system of
echolocation and sound communication between individuals, are washed ashore «for
unexplained reasons».

It is very interesting to compare the characteristics of wind and hydroelectric power
plants. In the latter, a dam on the river acts as a reservoir, directing the entire flow of river
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water into the turbines, transferring all its energy to them. This is not the case with wind
generators—direct measurements on their design drawing (Fig. 1) show that only 5% of the
wind passing through its overall size (red line) comes into contact with the wind generator
blades. Taking into account international standards requiring a safe mutual arrangement of
wind turbines at a distance of at least 5 diameters of the wind wheel, it turns out that a group
of wind turbines converts only 1% of the energy of the wind blowing on them into electricity.
In this regard, it should also be noted that before installing wind turbines in a particular area,
each country conducts measurements of the wind speed and its seasonal stability necessary for
the operation of wind turbines over a period of 2-3 years. Of course, these studies do not
always yield positive results.

Avrtificial wind generation technology.

The noted shortcomings of traditional wind turbines are completely eliminated in the
design of the wind power plant [7], which uses “artificial wind” technology. This technology
allows an artificial difference in atmospheric pressure to be created on both sides of a wall
facing south at any local site, and the wind generated by the pressure difference to be directed
into turbine-type wind generators (Fig. 2) located at the base of the wall. This technology is
based on a very interesting physical phenomenon that manifests itself in hurricane-force
winds at the base of tall buildings, caused by the large pressure difference between the facade
of the building, which is strongly heated by the sun, and the low temperature in the shaded
area on its north side [8]. Such winds, artificially generated in urban conditions, blow along
the streets adjacent to the building, knocking pedestrians and cyclists off their feet [9,10]. The
technology for reducing the intensity of these winds [11,12], which analyzes the process of
their formation around skyscrapers with south-facing facades, proposes installing pipes
running from north to south on the technical floors of such buildings, which will provide the
wind with a shortened corridor through the building (Fig. 3) and reduce its speed on the
streets. The pipes enter the building from the area of highest atmospheric pressure at the very
base of the northern wall of the skyscraper and exit from the south at the level of the second
floor so as not to interfere with pedestrians and traffic. At the same time, the air flow in the
pipes is quite powerful—the wind at the pipe outlets has a speed of 20-30 m/s and is ejected
up to a distance of 40 m [8].

The installation of generators in pipes is an obvious consequence of this technology,
bringing it into the field of energy. To preliminarily assess the potential of this method for
energy generation, the results of computer modeling of the process of solar heating of the
aluminum-clad Bridgewater Place skyscraper on June 22 (Fig. 4) and December 22 [8].

The calculated values of the temperature difference between the building facade and
its shaded area, which forms wind in the pipes, reach 50°C in summer and 60°C in winter,
which allows the classic theory of a «thermodynamic machine» to be used for the case of a
minimum temperature difference. The efficiency in this case will be Q = 50°K / 300°K = 1/6,

where 300°K is the average temperature of the system. The initial energy of the entire system
is determined based on the energy of solar radiation falling on 1 square meter of surface
area - 0.6 kW. For the Bridgewater Place skyscraper, with a height of 112 m and a width of
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80 m, the total energy is 5,376 kW, which, taking into account the efficiency Q = 1/6, gives a
resulting power E = 896 kW.

Fig. 2. Wind farm and turbine-type Fig. 3. Technology for reducing wind speed
wind generator. at the base of a skyscraper.

A more accurate assessment, taking into account the physical aspect of the
phenomenon, is provided by examining a computer model of the upward air flow on the
facade of the Bridgewater Place skyscraper (Fig. 5), formed when it was heated to 73°C on
June 22 (Fig. 4). This air flow moves at a speed of 11.1 m/s and carries a volume of air of
10,983.7 m?/s. As this volume moves upward, the same volume of air is drawn in through the
pipes, for which the mass can be calculated taking into account the air density of 1.225 kg/m3
and the kinetic energy E = 833 kW. These two practically identical estimates show
that an aluminum-clad surface area of approximately 10,000 square meters can generate
enough energy to power 600 apartments (according to European standards - 1.4 kW per
apartment) [13,14].

The design of the power plant (Fig. 2) is intended for industrial implementation of the
noted physical phenomenon and amplification of factors influencing the process of artificial
wind formation through the use of additional technical means.

To this end, the entire territory of the power plant is divided into northern and southern
sections by a wall, the surface of which, together with the adjacent southern section, is
covered with heat-absorbing shields to form the strongest possible upward flow when heated
by the sun. Special materials such as technically pure aluminum - AD1(1050) or stainless
steel - AISI304, which have a higher thermal conductivity and solar radiation absorption
coefficient than the decorative aluminum sheet used to clad the Bridgewater Place skyscraper,
which heats up to 73°C on June 22. The maximum heating temperature can be achieved with
the help of special selective paint used in solar collectors - Thurmalox 250 and selective
coating based on titanium oxynitrate - Tinox, which significantly reduce the surface heat
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radiation coefficient and create a “heat trap” effect in the collector design. Solar panels, which

heat up to only 60°C in the sun, can also be used as heat-absorbing shields, but in this case,
the power plant will operate in hybrid mode and make full use of all its surfaces.

Ta=29°C Tr=733°C Ts=26°C
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Fig. 4. Simulation of solar heating of the Fig. 5. Computer model of the updraft on the
Bridgewater Place skyscraper on June 22. facade of the Bridgewater Place skyscraper.

A very important design element is the fence around the southern section of the power
plant, which prevents ambient air from being drawn into the low-pressure area at the base of
the wall formed by the upward flow. In this case, all the air compensating for this pressure
drop will be drawn in through the pipes on the northern side of the power plant. This will be
facilitated by the location of the fence above the level of the pipe outlets, which, for the safety
of personnel, are located at the level of the second floor of the control building. The walls of
the fence should be tilted outward from the station territory at an acute angle so as not to
shade the sun from the heating shields. Special measures have also been taken in the design of
the power plant to maintain cold night temperatures in its northern section for as long as
possible. To achieve this, side barriers have been built on both sides of the central wall to
prevent sunlight from entering this area even at sunrise and sunset, and the common roof has a
stepped structure that allows snow to be thrown off it onto the ground and ensures long-term
cooling. The roof supports must be made of massive reinforced concrete structures and
arranged in a checkerboard pattern to ensure sufficient contact with the air drawn into the area
for maximum cooling.

For computer modeling of the wind power plant operation process, its design (Fig. 2)
is represented by the following dimensions: vertical wall surface area - 100 x 100 m, northern
and southern areas - 100 x 100 m. The computer model of this structure (Fig. 6) is represented
by hot (red) and cold (blue) areas separated by a wall with 10 holes, each 9.8 m in diameter.
The process of heating this structure by the sun is calculated for the coordinates of Marseille
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(southern tip of Europe, France) at two extreme points of solar activity - June 22 and
December 22, provided that the entire surface of the vertical wall and the southern horizontal
section of the power plant are clad with 3 mm metal with a thermal conductivity coefficient of
150 W/m*K (with a maximum of 230 W/m*K for pure aluminum), a solar energy absorption
coefficient of 0.96 (with a maximum of 0.99 for Black Chrome) and a thermal radiation
coefficient of 0.52 (with a minimum of 0.04 for Tinox coating). The simulation was
performed using the “Flow Simulation 2024 SP2.0.Build: 6320” version of the
SOLIDWORKS computer program, taking into account the ambient air temperature Ta by
hour and season of the year in accordance with data from the French National Meteorological
Service (MFI) [15].

Fig. 6. Computer model of
a wind power plant.

The results of computer
modeling show that the
vertical and horizontal
surfaces of the model in
Fig. 6 are heated to the
maximum on June 22
when the sun reaches its

zenith and form thermal zones (Fig. 7) with temperatures in the center Ty = 108.6 °C and T

=135.2 0C, respectively. Each of the marked thermal zones forms an upward air flow (Fig. 8),
which, when moving upward, draws in volumes of air Py and Px (Tab.1) through the pipes,
generating power Ev and En in the pipes. The analysis does not take into account the factors
of additional heating of the marked surfaces due to their mutual influence, however, the result
of simply summing the Eo calculated values of the power they generate shows that equipping
a vertical wall the size of the Bridgewater Place skyscraper with special technical means that
enhance the process of artificial wind formation allows the amount of energy generated to be
increased from 0.8 MW to 4-7 MW. Such a power plant can be built in any chosen location,
regardless of its wind rose, in close proximity to any populated area and provide electricity to
4,000 apartments. Taking into account the global solar irradiance constant (1361 W/m?), the
power plant’s efficiency under the optimal conditions described above will be 25.7%.

The data in Tab.1 show an interesting pattern: in winter, when the vertical wall is
relatively cool, it generates more power than in summer due to the large difference between
its temperature and the temperature of the northern part of the power plant. This pattern also
applies to the heating of the horizontal surface of the power plant, increasing the level of
energy generated in winter, but this is not reflected in its excess over the level of energy in
summer due to the very low heating temperature of the horizontal surface in winter, caused by
the low angle of the sun above the horizon (December 22, Marseille, zenith - 23.27°) and the
position of its rays practically tangential to the surface. It should be noted that such a low
position of the sun in winter is preferable for heating a vertical wall—the sun's rays fall on it
almost perpendicularly, so even at low ambient temperatures, it heats up only 25% less than
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in summer and generates 25% more energy due to the temperature difference mentioned
above. From this perspective, it can be stated that the operating cycles of vertical and
horizontal surfaces complement each other, which allows for smoothing out seasonal
fluctuations in the total generated power Eo.

Fig. 8. Upward flow of a wind

Fig. 7. Thermal zones of the vertical and horizontal

surfaces of a wind power plant. power plant.
Tabae 1
Wind farm parameters on June 22 and December 22 (sun at its zenith)
Tv.°C | Te. °C | Ta. °C | Pv.m®/s | Pum®/s | Ev.MW | Ex. MW | Eo. MW
Jun 108.6 135.2 32 12 038 16 878 1.89 5.18 7.07
Dec 96.3 53.1 10 12 983 11924 2.36 1.83 4.19

Operating exclusively within the framework of solar energy conversion, wind power
plants are characterized by a longer daily activity cycle than solar panels, due to the presence
of elements with thermal inertia in their design, which maintain the temperature regime for
some time after sunset in both the cold and heated areas of the power plant. The thermal
inertia of the entire structure can be significantly increased through the use of special
technologies for storing solar heat and accumulating cold during the night, using liquid
elements of solar collectors that can be built into the walls and foundations of both areas of
the power plant. The use of these technologies can ensure continuous energy generation, and
the analysis of its daily fluctuations should be combined with an assessment of the costs of
creating a thermal inertia system. Such an analysis should also be based on a compromise
choice of the volumes of use of well-known energy conversion and storage technologies,
which are an integral part of solar power plants and traditional wind turbines.

To assess the daily activity of a wind power plant without taking thermal inertia into
account, computer modeling of its operation was performed at 9 a.m. on June 22 and
December 22. Calculations of the sun's movement along the ecliptic [8] show that in both
summer and winter, by 9 a.m. it has already risen more than halfway to its daily maximum
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and provides an average of up to 70% of the maximum energy produced by vertical and

horizontal surfaces in each season (Tab.2).
Tabue 2
Wind farm parameters on June 22 and December 22 (9:00 a.m.).

T+.°C | Te °C | Ta. °C | Pv.md®/s | Pam®/s | Ev. MW | Ex MW | Eo. MW

Jun 835 1049 23 10 245 15124 1.16 3.73 489

4

Dec 742 344 2 11666 10 036 1.72 1.09 2381

This allows us to conclude that during daylight hours, fluctuations in the level of
energy generated do not exceed 30% and can be stabilized at 80-85% of the maximum using
energy storage and stabilization technology. The power plant's operation was simulated only
from dawn to zenith because, in terms of solar radiation intensity, all processes are mirrored
until sunset, and a special methodology needs to be developed to study the impact of thermal
inertia processes occurring after the sun passes the zenith on the power plant's parameters [8].

For the construction of wind power plants generating higher capacities, heat-absorbing
shields with higher “thermal” characteristics than those used in the calculations can be used.
For comparison, it should be noted that if the above-mentioned higher characteristics of
heat-absorbing material are used in the simulation, which showed a result of heating the
horizontal surface to 135.2 °C, the surface temperature will increase to 198.4 °C. A further
increase in power can only be achieved by increasing the surfaces that generate upward flows
in the power plant. It should be noted that, according to the results of computer modeling, the
upward flow from the horizontal surface contributes the most to the total energy.
Consequently, increasing the size of this surface is preferable when constructing power plants.

Operational advantages of wind power plants

The high energy performance of wind power plants is complemented by a number of
operational advantages due to the concentration of their entire output power in a narrow
section of pipes, which makes it possible to install turbine-type wind generators in them. This
primarily leads to a sharp reduction in the size of the wind wheel compared to traditional wind
turbines, which must have a diameter of 35 m to generate 1 MW of power, while the world's
most powerful wind turbine, the Enercon E-126, manufactured in Germany since 2012, has a
diameter of 126 m and a total weight of 6,000 tons. With a capacity of 7.58 MW, comparable
to that of a wind power plant (Tab.1), it is designed to supply power to 5,000 apartments
(1.5 kW each) [14], but has not found application due to its high price of $14 million.

The use of turbine-type wind generators in power plants makes energy generation very
technologically advanced—generator maintenance is carried out directly in the power plant
building, rather than at a height of 100 meters or more. The all-metal construction of the
turbine generator is easy to repair and can be recycled without loss at the end of its service
life. Operating in the high wind speed range, turbine generators are characterized by high
speeds, which eliminates the formation of infrasound harmful to humans and converts
vibrations into the sound range with noise levels of 30-40 decibels, with an acceptable level
of 45 decibels for residential and office premises and 55 decibels for factory premises. This
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allows wind farms to be built near residential buildings and ensures the safety of maintenance
personnel. The design of these generators allows for external sound insulation and the
installation of protective grilles, making them safe for humans and animals.

Turbines with a diameter of up to 6 m are manufactured at some European universities
for installation on the roofs of their buildings and are estimated to cost $2,000. At the same
time, steam turbines were characterized by a more complex design when they were first used
in 1899 at a coal-fired power plant in Elberfeld (Germany), where a 15-stage steam expansion
method was used in a turbine with a diameter of 2 m. Currently, turbines with a diameter of
up to 4 m are being produced at a cost of $400 million per 1 GW of capacity. A similar
calculation based on Tab.1 shows that wind turbines cost $5.5 million per 1 GW of capacity,
which is incomparably lower.

This comparison allows us to estimate the capital investment required to build a wind
power plant, assuming that a nuclear power plant of the same capacity has the same low-cost
turbine and the same cost of housings, which together correspond to the total cost of the wind
power plant shown in Fig. 2 and are denoted by A. In this case, the cost of the reactor, the
first and second steam generation circuits, the condenser, and the cooling towers is added to
this cost for the nuclear power plant, which is denoted by 2A, as well as the cost of the
radiation protection complex, which accounts for 40% of the total cost of the nuclear power
plant. Therefore, its total cost can be represented by the equation B = A + 2A + 0.4B, which is
converted to the form B = 5A. Thus, capital investments in the construction of a wind power
plant amount to $1,100 per 1 kW of capacity, which is lower than the cost of constructing
hydroelectric power plants with the same indicators of absolute environmental safety.

Wind power plant in the foothills

The capacity of the wind power plant shown in Fig. 2 can be significantly increased if
the cold air from the northern part of the plant is replaced with air from the mountain range
[16], which is drawn from the area of highest atmospheric pressure at its base through pipes
laid under the foothills and fed directly to the south-facing wall of the power plant with
turbines located in it (Fig. 9). For the construction of such a power plant, it is advisable to
choose a location that includes foothills (Fig. 10), which serve as a barrier to the wind
blowing from the mountains into the valley and form the above-mentioned area of high
pressure at the base of the mountain range.

Pipes leading into this area provide cold air with a shortened corridor into the
sun-warmed valley and the power plant area, which is heated by additional technical means.
The location of the pipes at a considerable distance from each other helps to ensure that the
areas of air intake do not overlap and weaken each other. The wind formed in the pipes will
help reduce pressure at the base of the mountain range, causing new flows of cold air blowing
from the mountains to descend there, which will be completely drawn into the pipes and fed
to the wind turbines of the power plant. The above description of how a foothill wind power
plant works shows that it is significantly more productive than traditional wind turbines
installed on foothill elevations (Fig. 1), whose blades capture only 1% of the wind blowing
from the mountains.
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Fia. 9. Foothill wind power plant. Fig. 10. Foothills in the Alps.

To build such a power plant, it is preferable to locate it south of the mountain range in
accordance with the requirement that the central wall of the power plant face south for
maximum heating by the sun. However, the power plant can also be built on any section of
the mountain range (Fig. 9), in which case the pipes can be given a smooth bend to maintain
the southward orientation of the entire power plant structure. The features of the landscape
may allow the pipes to be led into the valley through natural passages between the foothills,
which, after the pipes have been laid, are built up with a wall (Fig. 9) that serves as the same
barrier to mountain air as the foothills. This technique allows mountainous terrain without
foothills to be used for the construction of a power plant. In this case, the dimensions of the
wall must be significantly expanded so that it can function as a dam in the above example
with a hydroelectric power plant. For a preliminary assessment of the technical characteristics
of the proposed energy generation method, it is interesting to compare it with the
“Atmospheric Power Plant” [17], developed by the American company "Cold Energy" in
2004.The company's scientists calculated that between geographical points 300 km apart, an
atmospheric pressure difference of 0.03 atmospheres (22.8 mm Hg) is formed. If three pipes
with a diameter of 2.5 m are laid between these points, a supersonic wind will form in them,
which will allow generating up to 1 GW of power at a cost of 0.1-1 cent per 1 kKW*
hour. The project was not implemented due to the long length of the pipes passing through
several states [18]. The proposed power plant allows the high technical characteristics of the
noted project to be realized by using the atmospheric pressure difference between such
diametrically opposed climatic zones as a snow-covered mountain range and a residential area
in a sun-warmed valley (Fig. 10), which are located in close proximity to each other and
separated by foothills. With temperatures in the Alps ranging from -10 to -15 °C and daytime
temperatures “in the sun” ranging from 33 to 38 °C, according to data from the MFI in
Marseille, located at the southwestern tip of the Alps, there is a temperature difference of
approximately 50 °C and an atmospheric pressure difference of 14 mm Hg between
them (0.28 mm Hg for every 1 °C). This is even without taking into account the humidity of
the mountain air and special measures for additional heating of the southern section of the
power plant (Fig. 9). At the same time, a wind flow with a speed of 174.6 m/s is formed in a
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single pipe with a diameter of 10 m and a length of 100 m, which generates 250.1 MW of
power [19]. When the diameter of the pipe is reduced to 6 m for the installation of the above-
mentioned 6-meter turbine-type wind turbines manufactured in European universities, the
power generation decreases to 41.9 MW, which is nevertheless sufficient to supply electricity
to a city with a population of approximately 120,000 people. The calculations assume that, to
reduce the internal resistance of the pipes, special «epoxy smooth coatings» — such as the
widely used brands «Amercoat» and «Scuthkote», which have a friction coefficient of 0.01—
have been applied, as is common practice in gas pipeline technology.

The capacity of such a power plant can be increased by heating its territory with
heat-absorbing shields, which, according to Tab.1 and Tab.2, will increase the temperature
difference by an average of 50 °C even in winter, since the temperature in the mountains also

drops at this time. When a temperature difference of 100 °C (28 mm Hg) is reached at the
ends of a 6-meter pipe 100 m long, the wind speed in it will be 191.2 m/s and the power
generation will reach 118.5 MW. Under the same conditions, a wind speed of 246.9 m/s will
be generated in a 10-meter pipe, and the power will be 708.9 MW. The above assessment of
the power of some options for implementing the principle of a foothill wind power plant
highlights the prospects for the development of this method of energy generation and provides
an opportunity to combine the efforts of many scientists, both from the energy sector and
from related fields of science, to create a unified theory for the construction of such power
plants and to develop methods for testing their parameters. In particular, it follows from the
above that such power plants can contain either one pipe or several pipes connected to a
common control point (Fig. 9). In the latter case, only the central pipe operates optimally,
while the length of the side pipes increases significantly, leading to energy losses and
requiring a compromise solution. For example, if the side pipes are directed at an angle of 45°
to the central pipe, they become 1.4 times longer, which leads to a 20% power loss in each of
them. In this case, it may be more expedient to build a separate control point for each pipe,
located in a straight line towards the mountain range. In this case, the object of further
research will be the optimal choice of the distance between power plants, which excludes
mutual overlap of the areas of air flows drawn into their pipes. To evaluate this factor,
calculations were performed on a computer model of a foothill wind power plant (Fig. 11),
which includes the heated section of the power plant model shown in Fig. 6, connected by
pipes to a segment of the mountain range, the walls of which, according to the program
conditions, are closed to external air access from all sides except the top.

The results of calculations performed with a gradual increase in the size of the mountain
massif segment show that the increasing power generated slows down the growth dynamics
many times over at a level of about 1.5 GW with a mountain massif segment size of 3x3x3
km. This leads to the conclusion that the cold air resource contained in this segment allows
the specified power to be generated without drawing in additional air masses from areas
outside the segment, where neighboring power plants can operate at full capacity. The above
calculations also allow us to make a first approximation of the cold air resources of the Alps -
with a ridge length of 1,200 km and a width of 260 km, their area is 312,000 square
kilometers, which accommodates 34,667 segments used in the calculations, each with a
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resource of 1.5 GW. Consequently, the energy resource of cold air in the Alps is 52,000
GW. This assessment does not take into account a number of natural factors that require
narrow specialization. Due to the fact that the intake of heavy cold air into pipes from the
upper layers of the atmosphere occurs not only in computer models but also in real nature, it
is necessary to take into account the “vertical temperature gradient” (VTG), according to

which the air temperature decreases by 5-6 °C for every 1,000 m of elevation.

Fig. 11. Computer model of a
foothill wind power plant and
air movement in a mountain
range segment

Therefore, in calculations
with a temperature at the
base of the mountain range
equal to -10 °C, a correction
must be made for the colder air coming from both the mountain peaks of the Alps with an
average height of 2.5 km and the nearby heights of Mont Blanc (4,810 m) - the highest peak
in the Alps, located on the border between France and Italy.

Conclusion

The proposed artificial wind generation technology provides an opportunity to develop
a new generation of wind power plants, whose performance does not depend on the “wind
rose” of the area and is determined only by the size and thermal characteristics of the sun-
heated power plant structures. A south-facing vertical wall measuring 100x100 m and the
adjacent area of the same size at the extreme points of solar activity on June 22 and December
22 generates 4-7 MW of power at noon with daily activity fluctuations of 30%, calculated for
9:00 a.m. The use of well-known technologies makes it possible to increase the thermal
inertia of the power plant's structure and ensure round-the-clock energy generation, the
parameters of which require the development of a special methodology for diagnosis. The
construction of a wind power plant in the foothills allows the limited volume of air in its
shadow area to be replaced by a significantly larger volume of colder air from the mountain
range, which makes it possible to generate up to 1.5 GW of power and place power plants
3 km apart.
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TEXHOJIOI'US TEHEPAIIUU UICKYCCTBEHHOI'O BETPA
U EE MPUMEHEHUWE B SHEPT'ETUKE
M.B. MapkocsHu, I'.I'. AiiBazsin
Epesancrkuii HUU Cpeocme Ceszu

MHuoroo0pasue GopMm KCIOJIb30BAHUS AIEKTPUUECKON IHEPIHH MPAKTUYECKH BO BCEX
cepax KHU3ZHEAEATEIHHOCTU HAIEro OO0IIecTBa MOAYEPKHUBAET aKTYaJbHOCTh KOHULEMIIUU
pa3paboTku Ooyiee MOIIHBIX MCTOYHUKOB SHEPIHM, XapaKTEPU3YIOIUXCS MHHHUMAIbHBIM
BpeJIOM Ul OKpy:karomueil cpenpl. [lomyunsiias 6ypHoe pa3BUTHE BETPOBas SHEPreTUKA 10
MOCJIETHEr0 BPEMEHHM CUMTaNach OJHOW M3 Hambosee HKOJOTHYHBIX CIIOCOOOB IeHEepalnuu
sHeprun. OJIHaKO, paACHIMPEHHME HAIIMX 3HAHUK O TMpoOJeMax HSKOJIOTMH BBISBUIO €€
MHOI'OYHMCJICHHBIE HCEJOCTAaTKU. Hpez[nomeHHaﬂ TEXHOJIOTUsI HE TOJBKO ITIO3BOJISCT
reHCpUpOBAThH I/ICKYCCTBeHHBIﬁ BCTCPp HaA IMPOM3BOJIBHO B3ATOM JIOKAJIBHOM YYaCTKE, HO U
UCTIOJNB3YyeT B CBOCH OCHOBE BETPOTEHEPATOPhl TYpOMHHOTO THIIA, YCTPAHSIOIINE BCE
HE/IOCTaTKU TPaJUIMOHHBIX BETPOreHepaTopoB. B crarbe mpemiokeHa KOHCTPYKIHUS
BETPOBOW  DJIEKTPOCTAHILMH, PEATU3YIOUIEH OTMEUEHHYI0 TEXHOJIOTHIO, PacCMOTPEHBI
BOMPOCHI €€ CYTOYHOW aKTUBHOCTH, MPOBEAEH aHAIW3 3aBUCUMOCTH €€ IapamMeTpoB OT
ce30HOB rona. Ilpemnoxena MoauduUKanUs BETPOBOM 3JIEKTPOCTAHIMU Ui  Cilydas
CTPOUTENHCTBA €€ B MPEATOPHON MECTHOCTH, MPH KOTOPOW JTOCTHUTAIOTCS HauOONbIIHE
MIOKa3aTeNN TeHEePUPYEeMON MOIIHOCTH.

KiawueBble c10Ba: reHepaTop MCKYCCTBEHHOTO BETpa, BETPOBAsl AJIEKTPOCTAHIIHSA,
BETPOTeHEPaTOP TYpPOMHHOTO THUTIA.
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Abstract

Ensuring reliable access to safe drinking water remains a critical challenge in rural
mountainous areas, where hydrological variability and infrastructure limitations lead to persistent
water shortages. This study presents a comprehensive assessment of drinking water shortages in the
Artik community (Armenia), where the total annual drinking water demand reaches 1.45 million
m3, while the existing water supply covers only 50-55%, resulting in a deficit exceeding 1.03
million m3/year. Hydrological analysis reveals a small but dynamic basin (F = 6.3 km?) in the
neighboring region (Tsakhkahovit community). The study demonstrates that the construction of a
500,000-square-meter reservoir represents a multifunctional solution that ensures a reliable drinking
water supply and facilitates irrigation development in both communities.

Keywords: water scarcity; reservoir design; hydrological variability; drinking water supply

Introduction

In recent decades, global water resources have exhibited a clear declining trend due to the combined
effects of climate change, population growth, and increasing water demand [10, 11, 12].
Hydrological systems worldwide are increasingly affected by altered precipitation regimes, reduced
snowpack accumulation, and higher evapotranspiration rates, resulting in decreased surface runoff
and groundwater recharge [27]. Recent global assessments indicate that nearly four billion people
experience severe water scarcity for at least part of the year, highlighting the scale and urgency of
the issue [21]. Water scarcity is further exacerbated by inefficient water management practices and
growing competition among sectors, particularly in agriculture-dominated regions [13, 14]. The
concept of water security has therefore become central to sustainable development, linking water
availability with economic growth, environmental sustainability, and human well-being [22].
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In mountainous regions, climate-induced changes are particularly critical due to their
dependence on snowmelt and seasonal runoff patterns [28]. The increasing variability of
hydrological regimes leads to higher frequency of both floods and droughts, complicating water
resource planning and infrastructure design [23].

In Armenia, similar trends are observed, especially in highland and semi-arid zones, where
water availability is strongly influenced by seasonal and climatic variability. Despite relatively
sufficient national water resources, local imbalances result in significant supply deficits at the
community level [18, 25]. These conditions emphasize the need for integrated water resource
management approaches, including storage infrastructure such as reservoirs, to mitigate temporal
and spatial mismatches between water availability and demand [16, 24].

Water scarcity is increasingly recognized as a multidimensional determinant of human
health, extending beyond physical water availability to encompass access, reliability, quality, and
affordability. Contemporary research distinguishes between physical water scarcity (limited natural
availability) and economic water scarcity (insufficient infrastructure and governance), both of
which contribute to adverse health outcomes. These dimensions collectively define household water
insecurity, a concept that has gained prominence in recent interdisciplinary literature.

The health implications of water scarcity operate through interconnected pathways,
including inadequate drinking water, compromised hygiene practices, reduced food security, and
psychosocial stress. A recent systematic review and meta-analysis by Kimutai et al. (2023)
demonstrated that water insecurity is significantly associated with poor mental health outcomes
across diverse geographical contexts, highlighting its role as a global public health concern [1, 2].

One of the most direct consequences of water scarcity is the increased prevalence of
waterborne and hygiene-related diseases. Limited access to safe drinking water and sanitation
services facilitates the transmission of pathogens responsible for diarrheal diseases, cholera, and
other gastrointestinal infections.

Empirical evidence consistently supports this relationship. For instance, Omotayo et al.
(2021) found that access to clean water, improved sanitation, and adequate hygiene significantly
reduces the incidence of diarrhea among children under five in South Africa [3]. Globally,
inadequate water, sanitation, and hygiene (WASH) conditions are responsible for hundreds of
thousands of preventable deaths annually, particularly among vulnerable populations such as
children and the elderly.

Water scarcity directly affects public health
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As shown in Fig. 1, there is a strong inverse relationship between access to safe water and
diarrheal incidence. The regression trend confirms that even moderate improvements in water
access can significantly reduce disease burden.

Furthermore, drought conditions exacerbate these risks by reducing water quantity and
quality simultaneously. Stanke et al. (2013) identified strong evidence linking drought to increased
infectious disease transmission, especially in low-income and climate-vulnerable regions [4].

Water scarcity also exerts significant indirect effects on human health through its influence
on food systems and nutritional outcomes. Reduced water availability limits agricultural
productivity, decreases dietary diversity, and constrains food preparation practices.

Choudhary et al. (2021)
demonstrated that household water 7]
insecurity is strongly associated with
child undernutrition in India, with effects
mediated not only by WASH-related 40 1
pathways but also by reduced dietary
diversity and food preparation constraints
[5]. Water scarcity also indirectly affects 30
human health through its impact on
nutrition and food systems (Fig. 2).
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Fig. 2 demonstrates a clear positive relationship between water insecurity and child stunting.
This suggests that limited water availability not only constrains hygiene but also affects food
preparation and dietary diversity, amplifying malnutrition risks [5].

Similarly, Rakotomanana et al. (2020) reported that improved access to safe drinking water
and sanitation services is positively associated with linear growth among children aged 6-23
months in East Africa [6].

These findings underscore the complex interaction between water access, food security, and
child development, emphasizing that water scarcity contributes to both acute and chronic forms of
malnutrition, including stunting.

Recent literature has increasingly focused on the psychological dimensions of water
scarcity. Household water insecurity is associated with chronic stress, anxiety, and depression,
driven by uncertainty, time burden, and social inequalities related to water access.

A large-scale meta-analysis by Kimutai et al. (2023), involving over 23,000 participants
across 16 countries, confirmed a statistically significant association between water insecurity and
common mental disorders, including depression and anxiety [7]. Supporting evidence from Aihara
et al. (2016) shows that water insecurity is significantly linked to reduced quality of life and
increased depressive symptoms among postnatal women in Nepal [8].
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These findings suggest that water scarcity should be considered not only a physical health
risk but also a critical determinant of mental well-being.

Quality of life (QoL) is a multidimensional construct encompassing physical health,
psychological well-being, social functioning, and environmental conditions. Water scarcity
negatively affects all these dimensions simultaneously.

Recent studies emphasize that water insecurity leads to a cumulative burden of disease,
stress, and socioeconomic disadvantage. Rhue et al. (2023) highlighted that water insecurity affects
child health and well-being through multiple pathways, including disease exposure, nutritional
deficits, and psychosocial stress [9].

The combined effect of these pathways results in reduced overall life satisfaction, increased
vulnerability, and diminished resilience to environmental and economic shocks.

The existing body of literature provides robust evidence that water scarcity is a critical determinant
of both physical and mental health, as well as overall quality of life. However, several research gaps
remain.

First, there is a need for integrated models that simultaneously capture hydrological, health,
and socioeconomic dimensions of water scarcity. Second, longitudinal studies are required to better
understand causal relationships and long-term impacts. Third, region-specific analyses, particularly
in semi-arid and mountainous regions such as the South Caucasus, remain limited.

Addressing these gaps is essential for developing effective water management and public
health policies, especially in the context of climate change and increasing water demand.

Access to safe and sufficient drinking water is recognized as a fundamental human right and
a core component of sustainable development. Despite global progress, many rural and
mountainous regions continue to experience structural water deficits due to limited infrastructure,
seasonal variability of water resources, and inefficient distribution systems.

Armenia presents a paradox of relatively abundant water resources at the national level, yet
localized shortages persist due to spatial and temporal imbalances. In particular, the Artik
community faces significant drinking water shortages despite the presence of surface water sources.
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Previous studies emphasize that effective water resource management requires integrated
approaches combining hydrological analysis, infrastructure planning, and socio-economic
considerations. However, many local systems lack such integrated assessments.

This study aims to:
= quantify drinking water demand and deficit,
= analyze hydrological characteristics of the Geghadzor River basin,
= evaluate soil suitability for reservoir construction,
= provide a comprehensive engineering justification for a reservoir-based solution.

The relationship between water availability and crop yield has been extensively studied,
demonstrating that yield response is strongly dependent on water deficit levels and irrigation
efficiency, particularly under limited water conditions [15].

Effective water resource management requires long-term planning and integration of
hydrological, engineering, and socio-economic factors to address future water challenges [29].

Conflict Setting

Global assessments indicate that water scarcity is intensifying due to increasing
anthropogenic pressures and environmental degradation, posing significant risks to both human
populations and freshwater ecosystems. Water security has emerged as a critical concept linking
water availability, infrastructure, and socio-economic stability, highlighting the need for integrated
management approaches in water-stressed regions. Access to safe and sufficient drinking water is
recognized as a fundamental human right by the United Nations, emphasizing the responsibility of
governments to ensure reliable water supply systems [17, 19, 20].

The Artik community illustrates a classic case of water availability versus accessibility
conflict. While natural water resources exist, infrastructure limitations prevent reliable supply.
Population-based calculations indicate a total annual demand of approximately 1.45 million m3,
reflecting domestic water requirements [10]. However, existing supply systems cover only 50-55%,
leading to widespread shortages.

Hydrological conditions further complicate the situation. The Geghadzor River basin is
characterized by a small catchment area (~6.3 km?), steep slopes (I = 148%o), and high peak
discharge (Q:1% = 30.6 m?/s), resulting in rapid runoff and limited natural storage capacity [27].

The absence of storage infrastructure prevents effective regulation of seasonal flows,
reinforcing the structural nature of water scarcity.

Research Results

The quantitative analysis of drinking water demand and supply in the Artik community
reveals a pronounced structural imbalance. Based on population-driven calculations using a
standardized consumption rate, the total annual water demand reaches approximately 1.45 million
m3. However, the existing supply systems provide only 50-55% of this demand, resulting in a total
annual deficit of 1,030,442.45 m3,

This level of deficit corresponds to approximately 70% unmet demand, indicating severe
water stress conditions. According to global water scarcity classifications, such levels of unmet
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demand place the study area within a high-risk category, where water shortages significantly affect
living conditions and system reliability [21].

Importantly, the deficit is not episodic but persistent, reflecting a structural deficiency in the
water supply system rather than temporary fluctuations.

Fig. 4 illustrates the distribution of annual drinking water deficit across the settlements of
the Artik community. The results demonstrate that all settlements experience substantial water
shortages, with deficit values directly correlated with population size and demand intensity.

The highest deficit levels are observed in larger settlements such as Panik and Mets
Mantash, where both population density and water demand are significantly higher. However,
smaller settlements also exhibit considerable relative deficits, indicating that the problem is not
limited to high-demand areas but represents a system-wide issue.

Annual Drinking Water Deficit by Settiement

This pattern confirms that the water
deficit is structural rather than localized,
arising from insufficient supply capacity
and lack of storage infrastructure.
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Fig. 4 Annual drinking water deficit
(m3/year) across settlements of the Artik
community. The results reveal significant
spatial variability in deficit magnitude,
with consistently high values observed in
all settlements, indicating a systemic
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The uniform presence of deficit across all settlements highlights the inability of the existing
system to meet basic water demand requirements.
Furthermore, the magnitude of the deficit aligns with global definitions of severe water

stress, reinforcing the urgency of implementing sustainable solutions such as reservoir-based
regulation systems [21].

The distribution of water deficit across settlements demonstrates both absolute and relative
variability. Larger settlements exhibit higher absolute deficits due to population concentration,
while smaller settlements experience comparable relative shortages.

This indicates that the water deficit is not localized but systemic, affecting all settlements
regardless of size. Such uniformity suggests that the underlying cause is not local infrastructure
failure but rather a regional imbalance between water availability and supply capacity.

The spatial analysis further highlights that areas with higher demand are not matched by
proportional increases in supply, reinforcing the need for centralized regulation mechanisms.

Fig. 5 presents the relationship between total water demand and actual supply across the
settlements. The results clearly show that supply consistently falls short of demand, with a
substantial portion of water requirements remaining unmet. This imbalance confirms that the
system lacks sufficient capacity to deliver required volumes, emphasizing the need for storage and
regulation infrastructure.
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Water supply coverage across the study area ranges between approximately 45% and 55%,
reflecting low system efficiency. This limited coverage suggests that a significant portion of the
population relies on irregular or alternative water sources, which may not meet quality standards.

From a system perspective, such coverage levels indicate:
= insufficient infrastructure capacity,
= Jack of storage and regulation,
= inefficiencies in distribution networks.

The absence of buffering mechanisms, such as reservoirs, leads to direct dependence on
instantaneous river flow, making the system highly vulnerable to seasonal variability [13].
Fig.6 illustrates the percentage of
water demand met by existing
supply systems. Coverage levels
range approximately between 45%
and 55%, indicating that nearly half
of the required water is not
delivered.

Water Supply Coverage by Settlement

Fig. 6 Water supply coverage (%)
across settlements, indicating the
proportion of demand satisfied by
existing systems. The results show
uniformly low coverage levels,
reflecting limited system efficiency
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This highlights systemic inefficiencies and the absence of buffering mechanisms such as
reservoirs, leading to direct dependence on variable river flow.

The cumulative deficit analysis demonstrates how individual shortages aggregate into a large-scale
system imbalance.

The cumulative curve shows a steady and continuous increase in unmet demand, indicating that the
system operates under constant stress conditions.

This cumulative effect is particularly critical from a planning perspective, as it reflects the
inability of the system to recover or compensate over time. Instead, deficits accumulate, increasing
the overall vulnerability of the water supply system.

Such conditions are typical of systems lacking storage infrastructure, where short-term
variability translates directly into long-term deficit accumulation.

st Cumulative Drinking Water Deficit Fig. 7 shows the cumulative
deficit across all settlements,
700000 - / emphasizing the scale of total
600000 // unmet demand. The steadily
o increasing curve reflects the
O /'/ persistent and aggregated nature
%duuoon /'/ of water shortages, indicating
) 300000 - ” g that _the system operates undgr
- continuous stress. This
Z00000 cumulative effect reinforces the
100000 need for centralized water
. - ' regulation solutions.
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Fig. 7 Cumulative drinking water deficit across settlements,
showing the aggregated magnitude of unmet demand and the
progressive nature of system-wide water shortage

The hydrological characteristics of the Geghadzor River basin play a crucial role in shaping
water availability. The basin is relatively small (~6.3 km?) but exhibits steep slopes (I = 148%o),
resulting in rapid runoff and limited natural retention.

Peak discharge values (Q:% = 30.6 m?/s) indicate high flow intensity during peak events,
while base flow conditions are significantly lower.

This contrast reflects a highly variable hydrological regime, typical of mountainous
catchments.

Such variability creates a mismatch between water availability and demand:
= high flows occur during short periods,
= demand remains relatively constant throughout the year.
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This temporal mismatch is a key driver of water deficit and underscores the need for flow
regulation through storage systems [23, 27].

Fig. 8 presents the seasonal distribution of river discharge, highlighting a pronounced peak
during spring months, primarily driven by snowmelt processes. The sharp increase in flow during
April-May is followed by a rapid decline in summer and low-flow conditions during autumn and
winter.

This strong seasonal variability creates a temporal mismatch between water availability and
demand. While peak flows provide sufficient water volumes, they occur over a limited period,
whereas water demand remains relatively constant throughout the year.

This imbalance underscores the necessity of storage infrastructure, such as reservoirs, to
regulate flow and ensure stable supply.

Average Monthly Discharge of Geghadzor River

Fig. 8 Average monthly
discharge of the Geghadzor
River, illustrating strong
seasonal variability with 2 -
peak flow during spring
snowmelt and low discharge ]
during late summer and
winter periods
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Recent global assessments emphasize that water quality and availability are increasingly
uncertain, with hidden risks that are not always reflected in existing monitoring systems [26].

Soil analysis indicates a predominantly clay-rich composition with low electrical
conductivity and slightly alkaline conditions (pH = 8.18). These properties suggest low
permeability, which is favorable for reservoir construction.

From an engineering perspective, such soils provide:
= natural sealing capacity,
= reduced seepage losses,
= improved structural stability for embankment dams.

The presence of clay minerals (e.g., kaolinite) further enhances the suitability of the site for
water retention structures. This significantly reduces the need for extensive artificial sealing
measures, improving both technical feasibility and economic efficiency [24].
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Fig. 9 illustrates the geotechnical cross-section of the proposed reservoir site. The presence
of a clay-rich layer acting as a natural sealing core significantly reduces permeability and limits
seepage losses.

The structural configuration of the foundation, combined with favorable soil properties such
as low electrical conductivity and slightly alkaline pH (= 8.18), ensures stable hydro-mechanical
conditions. These characteristics enhance reservoir performance and reduce the need for artificial
lining measures.

The integration of geotechnical properties with hydrological conditions confirms the
suitability of the site for reservoir construction from both engineering and environmental
perspectives.

Fig. 10 Location of the Geghadzor reservoir

The proposed reservoir location is strategically
positioned along the river axis, where topographic
and geological conditions allow effective water
storage. The alignment of the dam axis
corresponds to a natural narrowing of the valley,
optimizing construction feasibility and storage
efficiency.

This spatial configuration confirms that the
selected site is suitable for reservoir development,
both from hydrological and engineering
perspectives, and supports the broader objective
of mitigating water deficit in the Artik
community.

Conclusions

This study provides a comprehensive assessment of drinking water deficit in the Artik
community through the integration of demand analysis, hydrological evaluation, geotechnical
investigation, and G1S-based spatial interpretation.

The results demonstrate that the total annual drinking water deficit exceeds 1.03 million m3,
indicating a severe and persistent imbalance between water demand and available supply. The
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deficit is not localized but systemic, affecting all settlements within the study area and reflecting
structural limitations of the existing water supply system.

Hydrological analysis of the Geghadzor River basin reveals a highly variable flow regime
characterized by a small catchment area (~6.3 km?), steep slopes, and significant peak discharge.
This variability leads to a temporal mismatch between water availability and demand, where excess
water during short high-flow periods cannot be effectively utilized due to the absence of storage
infrastructure.

Geotechnical analysis confirms that the presence of clay-rich, low-permeability soils
provides favorable conditions for reservoir construction by minimizing seepage losses and
enhancing water retention. These natural conditions significantly improve the feasibility and long-
term reliability of the proposed solution.

The integration of hydrological, geotechnical, and socio-economic data within a GIS
framework demonstrates that the selected reservoir location is optimal in terms of both engineering
feasibility and spatial efficiency. The proximity of the reservoir site to deficit-affected settlements
further enhances its practical value.

Overall, the findings confirm that reservoir construction represents a technically justified

and strategically necessary solution for addressing drinking water scarcity in the Artik

community. Beyond local significance, the study highlights the importance of integrated
water resource management approaches in regions characterized by high hydrological
variability and infrastructure constraints.

Policy Implications

The findings of this study have important implications for water resource management and

policy development at both local and national levels.
First, the presence of a persistent and system-wide drinking water deficit highlights the need to
prioritize water supply reliability as a key policy objective. Infrastructure investments should focus
on developing storage systems, such as reservoirs, to regulate seasonal variability and ensure
continuous supply.

Second, the results emphasize the importance of integrated water resource management
(IWRM) approaches that combine hydrological, engineering, and socio-economic data.
Policymaking should shift from fragmented solutions toward coordinated strategies that address
both supply and demand components.

Third, given the strong spatial mismatch between water availability and demand, regional
planning frameworks should incorporate GIS-based decision-making tools to optimize
infrastructure placement and resource allocation.

Fourth, the study underscores the necessity of improving monitoring and data systems,
including hydrological measurements and water quality assessments, to support evidence-based
decision-making and reduce uncertainty in planning processes.

Finally, considering global trends in water scarcity, national policies should promote long-term
resilience strategies, including climate adaptation measures, efficient water use, and diversification
of water sources.
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Future Research Directions

While this study provides a comprehensive assessment of drinking water deficit and
reservoir feasibility, several areas require further investigation to enhance the robustness and
applicability of the findings.

Future research should focus on the development of high-resolution hydrological models
that incorporate climate change scenarios, enabling more accurate prediction of future water
availability and system performance.

In addition, detailed sedimentation and reservoir lifetime analysis is required to assess long-term
sustainability, particularly in small mountainous catchments characterized by high erosion rates.
Further investigation of water quality dynamics under reservoir conditions is also essential,
including potential changes in turbidity, nutrient levels, and biological activity.

Another important direction is the integration of economic and financial modeling, including cost—
benefit analysis and investment optimization, to support decision-making at the policy level.

Finally, expanding the GIS framework to include multi-criteria decision analysis would
allow for more comprehensive evaluation of alternative reservoir locations and water management
strategies.
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ONITUMM3ALIMA THAPOJIOI'MYECKOI'O IOTEHIUAJIA PETHOHA C IEJIBIO
MPEOJIOJIEHUS JE®UIIUTA MUTHEBOM BObI B CEJIAX OBIIIUHBI APTUK
PECITYBJIMKHU APMEHUA

A.K. ApyTioHsiH
Hncmumym 600uwix npobnem u eudpomexnuku um. axao. U.B.Eeuazaposa

O0ecrnieyeHne HAJAEKHOTO JOCTyINa K O€30MacHON NMUTHEBOM BOJE OCTAETCS BayKHEWIIEH
mpo0JIeMOil B CETbCKUX TOPHBIX PAaOHAaX, TNI€ TUIPOJOTUYECKAss U3MEHUHMBOCTh M OTPAHUYCHHS
UH(PACTPYKTYphl TPHBOIAT K TIOCTOSHHOW HEXBAaTKe BOJBL. B JaHHOM WCCIEAOBaHUU
MpPEJICTAaBJICHA KOMILJICKCHAsI OIEHKa Jae(UINTa MUTHEBOW BOJBI B HACEICHHOM NYHKTE APTHUK
(ApmeHus), rae ool To10BOM CIPOC HA MUTHEBYIO BOAY AOCTHraeT 1,45 MiH M3, B TO BpeMst Kak
CYIIECTBYIOIIEE BOJOCHAOXKEHHE TMOKpbIBaeT juiib 50-55%, uYTOo mNpUBOAMT K JCPHULHUTY,
npesbimmaroniemy 1,03 MiaH  M3/ron. T'maposnormyeckuii aHamW3 BBIABISIET HEOOJBIION, HO
muHaMuuHbIi Oacceiin (F = 6,3 km?) B cocemneM peruone (obmmHa [laxkaoBut). UccnenoBanue
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Abstract

This study presents an integrated assessment of environmental risks associated with tailings
storage facilities based on field and laboratory data. The analysis focuses on pH variability, heavy
metal concentrations, and hydrological processes governing contaminant migration.

The results reveal significant spatial heterogeneity of geochemical conditions. Although
water samples exhibit near-neutral pH values, extremely acidic conditions (pH down to 1.32) were
identified in surface layers, indicating localized acid mine drainage processes. Heavy metals
demonstrate strong accumulation in soils, confirming their long-term environmental persistence.
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The study highlights the need for integrated risk management combining geochemical monitoring,
engineering solutions, and management strategies.

Keywords: Tailings, Acid Mine Drainage, Heavy Metals, Hydrology, Environmental Risk,
Geochemistry.

Introduction

Tailings storage facilities (TSFs) represent one of the most critical and long-lasting sources
of environmental risk associated with mining activities. Unlike active industrial processes, tailings
remain environmentally reactive for decades or even centuries, making them persistent sources of
contamination in surrounding ecosystems.

Global incidents, including the Brumadinho dam disaster and the Mount Polley tailings dam
failure, have highlighted the catastrophic consequences of insufficient monitoring and management
of tailings systems!?. These events demonstrated that failures in tailings storage are not only
engineering problems but also systemic failures involving environmental, operational, and
governance factors.

Environmental significance of tailings

The environmental impact of TSFs is primarily driven by two interrelated processes:
= acid mine drainage (AMD);
= heavy metal mobilization.

AMD is generated through the oxidation of sulfide minerals, leading to the formation of sulfuric
acid and a significant decrease in pH values. This process enhances the solubility and mobility of
metals, resulting in long-term contamination of water and soil systems (Tabl. 1). According to
David K. Nordstrom (2011), AMD represents one of the most severe forms of mining-related
pollution, capable of altering entire river systems and groundwater regimes®.

Table 1
Process Mechanism Environmental impact
Acid Mine Drainage | Sulfide oxidation pH decrease, metal mobilization
Heavy metal transport | Dissolution + migration | Water and soil contamination
Hydrological flow Infiltration and runoff Regional pollutant spread

Heavy metals as long-term pollutants

Heavy metals such as Cu, Zn, Pb, Cd, and As are among the most persistent contaminants
associated with tailings. Unlike organic pollutants, these elements do not degrade and can
accumulate in soils and sediments.

1 The Brumadinho dam disaster was a catastrophic tailings dam failure that occurred on January 25, 2019, near Brumadinho in Minas
Gerais, Brazil. The collapse released a massive wave of mining waste from Vale S.A.’s Corrego do Feijdo iron ore mine, killing 270
people and causing widespread environmental destruction.

2 The Mount Polley tailings dam failure was a major industrial accident that occurred on August 4, 2014, at the Mount Polley copper-
gold mine near Likely, British Columbia, Canada. A breach in the mine’s tailings storage facility released roughly 25 million m3 of
water and mine waste into nearby lakes and creeks, making it one of Canada’s worst mining environmental disasters.

3 David K. Nordstrom is an American geochemist recognized for his pioneering research on acid mine drainage and agueous
geochemistry. His work has shaped scientific understanding of metal sulfide oxidation, contaminant transport, and geochemical
modeling in natural and mining-impacted waters. Nordstrom’s research is widely cited across environmental science and hydrology.
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Studies by Katherine A. Hudson-Edwards and David W. Blowes have shown that metal
mobility is strongly controlled by geochemical conditions, particularly pH and redox potential®.

Low pH environments significantly increase metal solubility, which enhances their transport
through hydrological systems and increases ecological risk.

Hydrological control of contamination

Hydrological processes play a crucial role in the redistribution of contaminants from tailings
storage facilities. These include:
= infiltration into groundwater systems;
= surface runoff during precipitation events;
= transport through river networks

Such processes can extend contamination far beyond the original tailings site, transforming
local pollution into regional environmental problems.

Oxidation
(02 + H20)

Tailings Metal Mobilizat Water Systems
(sulfides) el F10MReATion (runoff & groundwater)

Acid Mine Dralnage
(pH decrease)

Fig. 1 Conceptual model of contaminant generation and transport in tailings storage facilities

Fig. 1 summarizes the main environmental-risk pathway in tailings storage facilities: sulfide
oxidation generates acid mine drainage, which decreases pH and promotes heavy-metal
mobilization. Mobilized contaminants are then transported through surface runoff and groundwater
infiltration, creating exposure risks for soils, rivers, and biological receptors.

Hidden nature of environmental risk

One of the most critical challenges in assessing tailings-related risks is the discrepancy
between apparent and actual environmental conditions.

Water samples may indicate near-neutral pH values, suggesting stability, while underlying
soil layers can contain highly acidic zones responsible for ongoing metal mobilization.
This phenomenon has been described in multiple studies as a “hidden geochemical instability”,
where contamination processes occur below the surface and remain undetected in conventional
monitoring systems.

Research gap and novelty
Despite extensive research on tailings, several gaps remain:

4 Katherine A. Hudson-Edwards is a British environmental geochemist recognized for her expertise in the behavior and management
of mine wastes. Her research focuses on metal contamination, remediation, and the environmental impacts of mining and mineral
processing. She is a professor of sustainable mining and geochemistry at Birkbeck, University of London and a leading voice in
sustainable resource extraction and pollution mitigation.

5 David W. Blowes is a Canadian geochemist and environmental scientist known for his pioneering work on the geochemistry of
mine wastes and groundwater remediation. A Professor at the University of Waterloo, he is recognized internationally for advancing
understanding and prevention of acid mine drainage and contaminant transport in subsurface systems.
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u HEAOCTATOYHAA UHTCIpalvsd MTOYBCHHBIX U BOJAHBIX JaHHBIX;
" OIpaHMYCHHOC BHMMAHHUC K JIOKAJIbHBIM 30HAM 3aKHUCJICHUSI,
®  HEOOCTAaTOK KOMIIJICKCHBIX MOHeHeﬁ pucka.

The present study addresses these gaps by integrating:
= pH variability;
= heavy metal concentrations;
= hydrological processes.

Tailings storage facilities (TSFs) have been widely recognized as complex environmental

systems where geotechnical instability, geochemical reactivity, hydrological transport, and
management failures interact over long periods. Unlike many industrial wastes, tailings remain
reactive after mine closure, which makes post-closure monitoring and risk governance essential
components of tailings safety.

Kossoff et al. emphasized that TSF risks are determined not only by dam construction and
failure mechanisms, but also by the chemical nature of stored tailings, their long-term
environmental impact, and the effectiveness of remediation measures. Their review highlights that
tailings failures may generate severe downstream pollution, sediment contamination, and ecosystem
degradation [1].

A major environmental mechanism associated with tailings is acid mine drainage (AMD).
AMD is produced through the oxidation of sulfide minerals in the presence of oxygen and water,
resulting in acidification and increased metal solubility. Blowes et al. describe AMD as a
geochemical process capable of sustaining long-term contamination in mine-waste environments,
especially where sulfide-rich materials remain exposed to atmospheric and hydrological conditions
[2].

Heavy metal mobility is strongly controlled by pH, redox conditions, mineral composition,
and hydrological pathways. Under acidic conditions, metals such as Cu, Zn, Fe, Mn, Pb, Cd, and As
may become more soluble and mobile. This explains why apparently neutral water samples may not
fully reflect the real environmental risk if acidic zones exist within tailings surface layers or internal
deposits. This issue is especially important for the present study, where field and laboratory data
show neutral-to-alkaline water pH in several cases, but highly acidic surface-layer conditions in
some tailings facilities. Hydrological transport is another critical factor in tailings-related
contamination. Infiltration, seepage, surface runoff, and river connectivity can transfer pollutants
from tailings bodies into groundwater, soils, and downstream aquatic systems. This transforms
localized contamination into a broader regional environmental risk. Therefore, tailings assessment
should not be limited to chemical measurements alone, but should integrate hydrogeological context
and pollutant migration pathways. From a safety-management perspective, historical analyses show
that TSF failures often result from multiple interacting factors rather than a single technical cause.
Azam and Li’s review of tailings dam failures over the last century indicates that vulnerability is
linked to dam construction practices, sequential raising, insufficient regulation, high post-closure
maintenance costs, and extreme rainfall events [3].

Recent international governance frameworks also emphasize integrated management. The
Global Industry Standard on Tailings Management, developed by UNEP, ICMM, and PRI, stresses
that tailings facilities must be managed throughout their full lifecycle, including closure and post-
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closure, with the aim of preventing catastrophic failure and reducing risks to people and the
environment [4].

Tailings management frameworks have evolved significantly over the past decades,
incorporating both engineering design principles and long-term environmental considerations. The
classical work of Steven G. Vick emphasizes that the stability of tailings dams must be evaluated
not only during operation but also during closure and post-closure phases, where environmental
risks often become more pronounced [5].

In parallel, geochemical studies highlight that sulfide-rich tailings remain reactive long after
deposition. According to Dold, sulfide oxidation and secondary mineral formation control the
release of acidity and metals, leading to long-term contamination potential in mine-waste
environments [6]. These processes are strongly influenced by environmental conditions such as
moisture, oxygen availability, and temperature.

Furthermore, comprehensive assessments of mine waste systems demonstrate that
environmental impacts cannot be mitigated solely through containment strategies. As noted by
Lottermoser, effective tailings management requires a combination of geochemical stabilization,
hydrological control, and long-term monitoring [7]. This integrated approach is particularly relevant
for regions where tailings interact with surface and groundwater systems.

Hudson-Edwards, Jamieson, and Lottermoser noted that mine wastes represent one of the
largest waste streams worldwide and often contain high concentrations of elements that may
severely affect ecosystems and human health [8]. Their work supports the need to treat tailings as
long-term geochemical systems rather than inert storage materials.

Hydrological transport is another key factor in TSF risk formation. Infiltration, seepage,
surface runoff, and river connectivity can transfer pollutants from tailings into soils, groundwater,
and downstream aquatic systems. Rico et al. showed that tailings failure impacts are strongly
connected with downstream run-out and pollutant transport, supporting the inclusion of
hydrological pathways in risk assessment [9].

Modern studies also emphasize that tailings risks have socio-environmental dimensions.
Cacciuttolo and colleagues concluded that mine tailings cannot be treated as inert or harmless
materials, because they may generate toxic impacts on both communities and ecosystems [10]. This
reinforces the need for integrated environmental-risk assessment and long-term governance.

Recent global-scale analyses of tailings failures indicate that the consequences of TSF
incidents may extend far beyond the storage area and can affect river basins, settlements,
agricultural lands, and regional water security. Islam et al. considered tailings failures at a global
scale and emphasized the importance of impact assessment beyond the immediate failure site [11].

International governance frameworks now require lifecycle-based tailings management. The
Global Industry Standard on Tailings Management, developed by UNEP, ICMM, and PRI, stresses
that tailings facilities should be managed throughout design, operation, closure, and post-closure
stages to prevent catastrophic failure and minimize risks to people and the environment. This aligns
with the management component of the present article [12].

At a global scale, water systems are increasingly exposed to multiple anthropogenic
pressures, including mining-related contamination. According to Vorésmarty et al., freshwater
ecosystems are among the most threatened environmental systems, with water quality degradation
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driven by industrial pollution, land-use change, and hydrological alteration [13]. The authors
emphasize that contaminants introduced into river systems can propagate over long distances,
affecting not only local ecosystems but also regional water security and biodiversity. This
perspective is particularly relevant for tailings storage facilities, where pollutants generated within
confined areas may be transported through hydrological pathways, transforming localized
contamination into basin-scale environmental risks.

Table 2
Key research directions in tailings risk assessment
Research direction Key contribution Relevance to this study

Tailings dam failure Identifies accident causes and downstream Supports the need for integrated risk

analysis impacts assessment

Acid mine drainage Explains sulfide oxidation and pH decrease Interprets acidic surface-layer conditions

Heavy-metal mobility Links low pH with metal solubility and Supports Cu, Zn, Fe, Mn, Cr
migration interpretation

Mine-waste geochemistry | Combines pH, sulfate, conductivity, and Supports multi-parameter analysis
metals

Hydrological transport Explains runoff, seepage, and groundwater Supports contaminant migration analysis
transfer

Socio-environmental risk | Connects pollution with communities and Supports broader risk interpretation
ecosystems

Tailings governance Emphasizes lifecycle management and Supports management innovation
monitoring component

Conflict Setting

The reviewed literature shows that TSF risks are usually studied through separate
disciplinary lenses: geotechnical failure, AMD chemistry, metal mobility, hydrological transport, or
governance. However, several gaps remain. First, many monitoring approaches focus mainly on
water chemistry, although soil and surface-layer geochemistry may reveal hidden acidification
zones. Second, environmental data are often separated from management decision-making, which
limits their practical use for risk reduction. Third, few studies combine pH, metals, hydrology, and
management-oriented interpretation within one integrated framework.

The present study addresses these gaps by integrating real field and laboratory data on water
and surface-layer chemistry with a broader interpretation of environmental risk and tailings safety
management.

The aim of this study is to provide an integrated assessment of environmental risks in
tailings storage facilities based on real field and laboratory data, focusing on the interaction between
geochemical and hydrological factors.

Research Results

Study area and tailings facilities

The study was conducted across multiple tailings storage facilities (TSFs) located in mining
regions characterized by long-term ore processing and waste accumulation. The selected sites
represent different geochemical and hydrological conditions, allowing for comparative analysis of
environmental risks. The investigated tailings facilities include: Voghji, Pukhrut, Darazor,
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Dastakert, Artsvanik, Terterasar, Hankasar, Sotk. These sites were selected based on their
environmental relevance, variability of geochemical conditions, and availability of field data.

Sampling strategy

Field sampling was conducted to capture both spatial variability and environmental
heterogeneity of tailings systems.

Two main sample types were collected:

water samples (surface water and pore water);
= soil samples (surface layers of tailings deposits).

Sampling locations were selected to represent:
= different zones within tailings facilities;
= areas with potential acidification;
= zones influenced by water flow and runoff.

To ensure representativeness, samples were collected from multiple points within each site.

Table 3
Study sites and sampling matrix
Site Sample type | Parameters analyzed

Voghji Water / Soil | pH, Cu, Zn, Fe, Mn
Pukhrut Water / Soil | pH, Cu, Zn, Fe, Mn
Darazor Water / Soil | pH, Cu, Zn, Fe, Mn
Dastakert | Water / Soil | pH, Cu, Zn, Fe, Mn
Avrtsvanik | Sail pH, metals
Terterasar | Water / Soil | pH, metals
Hankasar | Water / Soil | pH, metals
Sotk Soil pH, metals

Laboratory analysis

Laboratory analyses were performed using a Photolab 7100 VIS spectrophotometer,
ensuring high precision in chemical measurements.

The following parameters were determined: pH; Electrical conductivity; Total dissolved
solids; Heavy metals (Cu, Zn, Fe, Mn, Cr and others).

Analytical methods:
= Spectrophotometric analysis;
= Standard water and soil testing procedures;
= Calibration using certified reference solutions.

Data processing and interpretation

The collected data were analyzed using a combination of:
= comparative analysis between sites;
= range-based interpretation (minimum-maximum values);
= identification of spatial variability.

Particular attention was given to:
= correlation between pH and metal concentrations;

56



Bulletin Of High Technology N 1 (37) 2026.-pp.50-62. WATER SYSTEMS

V.R. Grigoryan, A.A. Vartanyan, E.V. Avanesyan, H.V. Tokmajyan

INTEGRATED ASSESSMENT OF ENVIRONMENTAL RISKS IN TAILINGS STORAGE FACILITIES BASED ON
GEOCHEMICAL AND HYDROLOGICAL ANALYSIS

= differences between water and soil environments;
= jdentification of anomalous values.

Conceptual modeling approach
To interpret the environmental processes, a conceptual framework was applied linking:
= sulfide oxidation;
= acid generation;
= metal mobilization;
» hydrological transport
This approach allows the integration of geochemical and hydrological data into a unified
environmental risk model.
Reliability and limitations
The reliability of the results is supported by:
= use of calibrated laboratory equipment;
= standardized analytical procedures;
= consistency of measurements across sites.
However, several limitations should be noted:
= spatial heterogeneity of tailings systems;
= temporal variability (seasonal effects not fully captured);
= limited number of sampling points in some locations.

pH variability and acidification processes

The analysis of pH values revealed pronounced spatial variability across the investigated
tailings storage facilities. While water samples generally exhibited near-neutral conditions (pH =~
6.6—7.5), surface and soil layers showed S|gn|f|cantly lower values in certain locations.
The most critical conditions were identified
in Dastakert and Terterasar, where soil pH | -
reached extremely acidic values (down to 74 *— = . e "t -
1.32), indicating active acid mine drainage
(AMD) processes. Localized acidification
zones act as primary drivers of geochemical + 51
instability, even when bulk water conditions -
appear stable.

8.

Fig. 2 Comparison of pH values in water and

. oy eyey- 21 —e— Water pH
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Voghji Pukhrut Darazor Dastakert Terterasar

Fig. 2 compares pH values between water and soil environments across the studied tailings
storage facilities. While water samples generally exhibit near-neutral conditions, soil layers show
significantly lower pH values in several sites. This discrepancy indicates the presence of localized
acidification zones that are not reflected in bulk water measurements.
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Table 4
pH distribution in ailings systems
Mn 4 00.85 Site Water Soil Interpretation
pH pH

Voghiji 6.9-74 | 75-7.8 Stable
Pukhrut 7.2-74 | 7.8-8.7 Stable
2 Darazor 7.4-7.5 4.77 Local acidification
‘ Dastakert 6.7-6.8 1.32 Extreme AMD
Terterasar 7.4-8.0 1.32 Strong
heterogeneity

Zn4 @007 ; R .
Fig. 3 Heavy metal concentrations in water
samples across selected tailings storage facilities.
The vertical line indicates a reference threshold

Cu o145 |evel
02 04 06 08 10 12 14
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Fig. 3 presents the distribution of heavy metal concentrations in water samples. The results show
that certain elements, particularly Cu, approach or exceed reference levels, indicating active
geochemical processes and potential environmental risk. The variability among metals reflects
differences in mobility and geochemical behavior under site-specific conditions.

Discussion

Comparison with international studies

The results obtained in this study are consistent with international findings on tailings
storage facilities, particularly regarding the dominant role of geochemical processes in
environmental risk formation.

Previous studies (e.g., Kossoff et al., 2014; Dold, 2010 [1, 6]) have shown that tailings
systems often exhibit significant spatial variability, where localized geochemical conditions may
differ substantially from bulk measurements. The present study confirms this observation: although
water samples generally display near-neutral pH values, soil layers contain highly acidic zones (pH
down to 1.32), indicating active acid mine drainage processes.

This discrepancy aligns with the findings of Nordstrom (2011), who emphasized that mine
waters may appear chemically stable while still carrying dissolved contaminants originating from
acidic microenvironments [14].

Acid mine drainage as a controlling factor

The identification of localized acidic zones highlights the critical role of acid mine drainage
(AMD) as a primary driver of contamination.

International studies have demonstrated that AMD significantly increases the solubility and
mobility of metals. Blowes et al. showed that sulfide oxidation processes lead to long-term acid
generation, which may persist even after mine closure [2].

The results of this study confirm that AMD is not uniformly distributed, but rather occurs in
localized zones, which act as “hotspots” of contamination. This finding is important because it
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explains why conventional monitoring based on water sampling may underestimate environmental
risk.

Heavy metal behavior and accumulation

The observed distribution of heavy metals is consistent with global research indicating that
metals tend to accumulate in solid phases rather than remain in agueous solutions.

Lottermoser (2010) demonstrated that mine wastes often act as long-term reservoirs of
contamination due to metal retention in soils and sediments. Similarly, Hudson-Edwards et al.
(2011) emphasized that mine tailings contain significant quantities of potentially toxic elements that
can be released under changing environmental conditions [7, 8].

The results of the present study clearly show that soil concentrations are significantly higher
than those in water, confirming the accumulation effect and long-term environmental persistence of
metals.

Role of hydrological processes

Hydrological transport plays a crucial role in the redistribution of contaminants.
International case studies (Rico et al., 2008; Islam et al., 2021) have demonstrated that contaminants
originating from tailings can be transported through river systems and groundwater, affecting large
areas beyond the original source [9].

The findings of this study support this mechanism, as the presence of mobile metals in water
samples indicates ongoing transport processes. This confirms that tailings-related pollution should
be considered not only as a local problem but also as a regional environmental risk.

Management implications

A key implication of this study is that environmental risk in tailings storage facilities cannot
be effectively mitigated through engineering solutions alone.

The Global Industry Standard on Tailings Management emphasizes the importance of
lifecycle-based management, including monitoring, risk assessment, and governance.

The results of this study support this approach and demonstrate that:
= monitoring must include both water and soil;
= Jocalized acidic zones must be identified,;
= geochemical data must be integrated into management decisions.

The results demonstrate that environmental stability in tailings systems is often only apparent.
While bulk water chemistry may suggest neutral conditions, underlying geochemical processes can
sustain active contamination pathways.This hidden instability represents a critical challenge for
environmental monitoring and risk assessment, as it may lead to significant underestimation of
long-term environmental impacts.

Conclusions

Main findings
1. Tailings storage facilities exhibit high spatial variability in geochemical conditions.
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2. Localized acid mine drainage zones (pH as low as 1.32) are the primary drivers of metal
mobilization.

3. Heavy metals show strong accumulation in soils, confirming their long-term environmental
persistence.

4. Hydrological processes enable the transport of contaminants beyond the tailings site,
creating regional environmental risks.
Scientific contribution

5. This study demonstrates that environmental risk assessment must integrate water and soil
data to capture hidden geochemical processes.

6. The results provide evidence that conventional monitoring approaches may underestimate
environmental risk if localized acidification zones are not considered.
Practical implications

7. Effective tailings management requires:
= integrated monitoring (water + soil);
= identification of geochemical hotspots;
= incorporation of geochemical data into management systems.
Future research

8. Further research should focus on:
= quantitative risk modeling;
= long-term monitoring systems;
= integration of geochemical and hydrological models.
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KOMIIVIEKCHASA OHEHKA 3KOJIOTUYECKHUX PUCKOB B
XBOCTOXPAHWINIIAX HA OCHOBE 'EOXUMHWYECKOI'O 1
I'mPOJIOI'MYECKOI'O AHAJIN3A

B.P. I'puropsin’, A.A. Baprausan®, J.B. Apanecan®, O.B. Tokmaxksan!

YUnemumym e00nwix npo6nem u cuopomexnuxu um. axao. M.B.Ezuazaposa
2Mocxkosckuii 2ocyoapcmsennuiii yuueepcument um. Jlomonocosa
SHayuonanvnviil ynueepcumem apxumexmypol u cmpoumenbcmea Apmenuu

[IpencraBieHa KOMIUIEKCHAS OLIEHKA KOJIOTHYECKUX PUCKOB, CBA3AHHBIX C XPaHUIUILAMU
OTXOZIOB O0OraiieHus, Ha OCHOBE IOJIEBBIX U JJAaOOPAaTOPHBIX JaHHBIX. AHAJIM3 COCPEIOTOYEH Ha
U3MeHUYMBOCTH pH, KOHUEHTpalMsx TsKEIbIX METAJIOB M THAPOJOrMYECKHX Ipoleccax,
OIPEIENIAIOIX MUTPALIMIO 3arPSA3HSAIOINX BEILECTB.

PesynbpTaThl  NMOKa3bIBAIOT ~ 3HAYUTENBHYK  [POCTPAHCTBEHHYIO  HEOJHOPOJHOCTH
TC€OXMMHUYECKUX yCIOBHUA. XOTS TPOoObI BOABI JEMOHCTPHPYIOT 3HaueHusi pH, Onuskme K
HEUTpaJbHBIM, B MIOBEPXHOCTHBIX CJIOSIX OBLIM BBISIBIECHBI KpaiiHe kucible yciosus (pH no 1,32),
YTO yKa3blBa€T Ha JIOKAJIM30BAaHHBIE IMPOLIECCHl KHUCIOTHOIO JApEHaka MIAXT. TsKesble MeTalibl
JI€MOHCTPHUPYIOT CHJIbHOE HAKOIUIEHHE B MOYBAX, MOATBEPKIas UX J0JTOBPEMEHHYIO CTOUKOCTH B
okpykatomiei cpene. MccrnenoBanue moguepkuBaeT HEOOXOJIUMOCTh KOMILJIEKCHOTO YIIpaBlICHUS
pUCKaMM, COYETAIOLIero TI'eOXMMUYECKMH MOHHUTOPHUHI, HHXKECHEpHBbIE PpEIICHUs M CTpaTeruu
yTpaBJICHUSL.

OKkojoruyeckas CTaOMIBHOCTh B XBOCTOXPAHWJIMILAX YacTO HOCHUT JIMIIb KaKyIIMHcs
xapaktep. XOTsl XUMHUYECKUN COCTaB BOJBI B 1IEJIOM MOXET yKa3blBaTh Ha HEUTpaJbHbBIE YCIOBHUS,
JeKale B OCHOBE T€OXUMUYECKUE MTPOLIECCHl MOTYT MOAJIEPKUBATH AKTUBHBIE ITyTH 3arps3HEHUS.
OTa CKpbITasg HECTAOMIIBHOCTh MPEJCTABISET COO0O0M Cephe3HYI0 MPOOJIeMYy ISl SKOJIOTUYECKOTO
MOHHUTOPHHIA U OLIEHKH PUCKOB, MMOCKOJIbKY OHA MOXET MPHUBECTH K 3HAYUTENIbHON HEJO0OICHKE
J0JATOCPOYHBIX IKOJIOTUUECKUX MOCIIEICTBHM.

KimoueBble ciioBa: XBOCTBI, KHCJIbIC MIAXTHBIC CTOKH, TAKCIIBIC MCTAJJIbI, T'MAPOJIOTHA,
AKOJIOTUYECKHUM PUCK, TCOXUMUS.
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Abstract
This study addresses the problem of improving the efficiency of industrial and construction
enterprises under conditions of resource imbalance, regulatory limitations, and increasing
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technological complexity. Despite the extensive body of research on resource management, existing
approaches often remain fragmented, focusing separately on human, material-technical, and
informational resources, while insufficient attention is given to their integrated management and the
role of regulatory enforcement.

The paper proposes a decision-based conceptual model for enterprise optimization, in which
resource audit is positioned as a central diagnostic and management tool. The model enables the
identification of systemic imbalances, including competency gaps, technological mismatches,
inefficient resource allocation, and deficiencies in regulatory compliance and enforcement. Based
on this diagnosis, a structured set of corrective actions is introduced, including personnel tuning,
technological modernization, digital monitoring systems, and governance improvements.

A key novelty of the research is the integration of institutional and regulatory dimensions
into the resource management framework, emphasizing that enterprise efficiency depends not only
on resource availability but also on the quality of legal frameworks and their effective
implementation. The model incorporates a feedback-driven mechanism, ensuring continuous
adaptation and long-term sustainability.

The results demonstrate that the proposed approach provides a comprehensive
methodological basis for improving efficiency, reducing risks, enhancing compliance, and
supporting sustainable development in industrial and construction enterprises.

Keywords: resource audit, industrial enterprise, construction sector, resource imbalance,
regulatory framework, enforcement, digital transformation, optimization model.

Introduction

In recent decades, the improvement of industrial enterprise performance has increasingly
been examined within the context of integrated resource management, digital transformation, and
the implementation of advanced technological innovations.

Contemporary research demonstrates that traditional management approaches, which rely on
the isolated evaluation of individual resource components (human, material, and financial), are no
longer sufficient to ensure sustainable efficiency under conditions of rapid market dynamics and
accelerating technological change.

The concept of an enterprise’s resource potential encompasses the totality of all resource
types that ensure its functioning, including human, material and technical, information, and
financial resources.

Studies in enterprise management indicate that the key factor in improving efficiency lies
not merely in the availability of resources, but in their coordinated and balanced utilization.

Strategic management research further emphasizes that imbalances among different resource
categories lead to decreased productivity and increased operational costs.

A specific case of industrial activity is the mining and metallurgical sector, which is
characterized by high capital intensity, complex technological processes, and significant
environmental and operational risks [1, 2]. Unlike many other industries, mining and metallurgical
production involves continuous interaction with natural systems, variable raw material quality, and
geographically dispersed assets, which increases the complexity of resource management [3].
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Furthermore, the sector is highly dependent on the coordinated functioning of infrastructure,
equipment, and skilled personnel, making the balance between human and material-technical
resources critically important [4]. These characteristics, combined with increasing environmental
and regulatory pressures, require the implementation of integrated management approaches,
including resource audit and innovation-driven optimization [5]. The study [6] demonstrates that
industrial activities, including mining, represent one of the major drivers of impacts on water
resources and biodiversity at the global scale. The authors show that localized contamination can
propagate through hydrological systems, evolving into regional and even global environmental
risks. The study [7] analyzes the socio-economic impacts of mining activities and demonstrates that
such projects are associated with complex governance challenges, resource redistribution, and
population displacement. The authors emphasize that effective management requires not only
technical solutions but also comprehensive systemic and institutional approaches.

Resource audit has emerged as one of the most advanced and effective instruments for
comprehensive enterprise assessment. In contrast to conventional audit approaches—primarily
financial or technological in scope—resource audit provides a systemic evaluation of all
interconnected components of an enterprise and enables the identification of structural imbalances
across them. Extant research indicates that the systematic implementation of resource audit
facilitates the detection of critical inefficiencies and management bottlenecks, reveals imbalances
between resource availability and utilization, and supports the formulation of robust, data-driven
strategic development pathways. In particular, Neely A. et al. [8] emphasize the importance of
integrated performance measurement systems that align resources with strategic objectives, while
Wamba SF et. al [9] highlight the role of data analytics in transforming organizational decision-
making processes. Its significance is further amplified in the context of digital transformation,
where the exponential growth of data availability necessitates integrated analytical frameworks
capable of converting heterogeneous data streams into actionable managerial insights.

Human capital represents one of the key determinants of industrial enterprise performance.
Contemporary research indicates that insufficient workforce qualification levels or a mismatch
between employee competencies and production requirements leads to decreased labor productivity,
inefficient utilization of equipment, and increased technological risks. In particular, [10] highlights
the role of human capital as a fundamental driver of productivity, while [11] demonstrate that
alignment between human resources and organizational strategy significantly influences firm
performance. In this context, the concept of adaptive competency development has gained
increasing attention, emphasizing flexible systems of education, training, and continuous
professional upskilling aligned with evolving industrial demands.

The material and technical base of an enterprise comprises production equipment,
technologies, and infrastructure. Recent studies indicate that investments in equipment
modernization, without corresponding improvements in workforce capabilities, do not result in
significant efficiency gains. In particular, [12] demonstrate that technological advancement must be
complemented by human skill development, while [13] highlight the importance of integrating
human and technological systems within Industry 4.0 environments. Thus, achieving sustainable
performance improvements requires the synchronized development of both human capital and
material-technical resources.
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In contemporary conditions, digital technologies play a central role in enterprise
management, encompassing monitoring systems, analytical platforms, and integrated information
management systems. These technologies enhance process transparency, improve the quality of
managerial decision-making, and contribute to cost reduction through increased operational
efficiency. In particular, [14] demonstrate that digital and analytics-driven systems enable real-time
monitoring and adaptive decision-making, while [15] highlight the transformative impact of
Industry 4.0 technologies on organizational performance and competitiveness. The implementation
of managerial and technological innovations is therefore widely recognized as a key driver of
enterprise competitiveness in the context of digital transformation.

The construction sector represents a distinct domain within industrial activity, characterized
by project-based operations, high uncertainty, multi-stakeholder coordination, and a strong
dependence on regulatory frameworks. Unlike continuous production industries, construction
projects are inherently non-repetitive, geographically dispersed, and highly sensitive to contractual
conditions, permitting procedures, and compliance requirements.

In the context of the Republic of Armenia, one of the most critical constraints affecting the
efficiency of construction activities is the incompleteness and fragmentation of the legislative and
regulatory framework governing the sector [16]. This limitation is particularly evident in the
domain of design and cost estimation, where the absence of comprehensive and consistently
enforced regulations creates significant challenges for project planning and execution. Empirical
evidence indicates that compressed project timelines, insufficient funding, and weak enforcement of
regulatory requirements often result in incomplete or technically inadequate design—estimate
documentation, increasing the likelihood of errors, cost overruns, and safety risks [16].
Furthermore, the lack of clear accountability between clients and design organizations leads to
systemic imbalances that reduce transparency and overall project efficiency.

These challenges are consistent with international findings, which indicate that regulatory
uncertainty and weak institutional environments significantly increase transaction costs and reduce
investment efficiency [17]. In large-scale construction and infrastructure projects, inadequate
planning and insufficient governance mechanisms are among the primary causes of systematic cost
overruns and project delays [18]. From a theoretical perspective, the effectiveness of construction
systems is strongly conditioned by the quality of institutional frameworks. Technological
improvements alone are insufficient without supportive regulatory structures and governance
mechanisms [19]. Moreover, efficient resource allocation requires a well-defined legal environment
and minimized transaction costs, as established in the theory of economic organization [20].

Therefore, the construction sector requires not only regulatory improvements but also the
implementation of integrated management approaches. In this context, resource audit emerges as a
critical tool for identifying mismatches between planned and actual resource utilization, improving
cost control, and enhancing accountability across all stages of project implementation.

Conflict Setting

Despite the substantial body of research in this field, several critical challenges remain
unresolved, including the lack of an integrated approach to resource management, the fragmented
consideration of human and material-technical potential, the insufficient application of resource
audit in managerial practice, the limited integration of digital technologies into resource analysis
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processes, as well as deficiencies in the development and enforcement of regulatory and legal
frameworks governing industrial and construction activities [21, 22].

These gaps highlight the need for a unified methodological framework capable of
integrating diverse resource components into a coherent management system, while also ensuring
the effective implementation and enforcement of existing legal and regulatory provisions.

In response to these limitations, the present study proposes an integrated approach to
industrial enterprise optimization based on resource audit principles, combining human capital
development, modernization of material-technical infrastructure, the application of digital and
innovation-driven management tools, and the improvement of regulatory mechanisms with a focus
on compliance and accountability.

The proposed framework contributes to the existing body of knowledge by bridging the gap
between theoretical resource management concepts and their practical implementation, offering a
systematic mechanism for improving efficiency, enhancing decision-making, strengthening
regulatory compliance, and ensuring the sustainable development of industrial enterprises.

Research Results

Modern industrial enterprises operate under conditions of high uncertainty, rapid
technological change, and increasing requirements for resource efficiency. In this context, there is a
growing need to transition from fragmented management of individual resource types toward an
integrated system of resource potential management. The proposed conceptual model is based on
the premise that enterprise performance is determined not by the absolute level of resources, but by
the degree of their coordination and balance.

Within the framework of the model, the resource potential of an enterprise is considered as a
system comprising the following interrelated components: human capital; material and technical
resources; information resources; managerial capacity Each of these components evolves
dynamically; however, their isolated development leads to a reduction in overall system efficiency.
A central issue addressed in the model is the imbalance between components of the resource
potential. In practice, this manifests as:
= advanced equipment combined with insufficiently qualified personnel;
= highly skilled workforce operating with outdated technological infrastructure;
= availability of data without adequate analytical capabilities;
= existence of regulatory frameworks without effective enforcement mechanisms.

The latter is particularly relevant for the construction sector, where discrepancies between
adopted legal provisions and their practical implementation lead to reduced project efficiency and
increased operational risks.

Within the proposed model, resource audit is positioned as a key diagnostic and managerial
tool. It performs the following functions:
= identification of imbalances between system components;
= evaluation of resource utilization efficiency;
= detection of critical constraints;
= formulation of optimization pathways.

Resource audit enables the transition from intuitive management to evidence-based and
structured decision-making.
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Decision-Based Resource Audit Model for Enterprise Optimization

Initial Enterprise State
Human resources | Material-technical base | Information systems |
Financial resources | Regulatory environment

Diagnostic Question
Are resources balanced and compliant?

Resource Audit
Evaluation of imbal e, ¢ pli e, and
management gaps

%

Balanced System Imbalanced System
Monitoring and continuous improvement Corrective actions required

Feedback loop

Corrective Actions
Personnel tuning | Technelogy modernization

| Digital systems | Compliance strengthening

/

Optimized Performance
Efficiency 7 Cost I Risk I Compliance 1

Fig. Decision-based conceptual model for industrial enterprise optimization
integrating resource audit, system imbalance diagnosis, regulatory and
enforcement factors, and feedback-driven corrective actions

The model introduces the concept of adaptive competency development (“personnel
tuning”), which includes:
= targeted development of critical competencies;
= flexible systems of training and reskilling;
= alignment of workforce capabilities with technological advancement.
This approach allows reducing the gap between production requirements and actual
workforce capacity.
Digital technologies act as an integrating element within the model, enabling:
= data acquisition and processing
= real-time monitoring of resource conditions
= support for managerial decision-making.

The integration of digital tools enhances the effectiveness of resource audit and increases
system adaptability.
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Unlike many existing models, the proposed framework explicitly incorporates the
institutional environment.
The effectiveness of resource management depends on:
= the quality of regulatory and legal frameworks;
= the mechanisms of their enforcement;
= the level of compliance across stakeholders
Thus, optimization cannot be achieved without the simultaneous improvement of both
managerial and regulatory systems.
The proposed model represents an integrated system in which, resources:
= are assessed through resource audit;
= imbalances are identified;
= managerial and technological interventions are applied;
= an optimal system state is achieved.

Conclusions

This study demonstrates that improving the efficiency of industrial enterprises requires a
transition from fragmented resource management toward an integrated, system-based approach. The
findings confirm that enterprise performance is determined not by the absolute availability of
resources, but by the degree of their coordination, balance, and alignment with operational and
regulatory requirements.

A key contribution of the research is the development of a decision-based conceptual model
in which resource audit functions as a central mechanism for diagnosing system imbalances,
including human, material-technical, informational, and managerial inconsistencies. The model
extends existing approaches by explicitly incorporating regulatory and institutional factors,
particularly the role of legal frameworks and the effectiveness of their enforcement, which are often
overlooked in traditional resource management studies.

The analysis highlights that one of the most critical constraints in the construction and
industrial sectors, particularly in the context of developing economies, is not only the
incompleteness of the regulatory framework but also the insufficient implementation and
enforcement of existing legal provisions. This results in systemic inefficiencies, increased
operational risks, and reduced investment effectiveness.

The proposed model introduces a structured decision-making process that links resource
audit, imbalance identification, and corrective actions, including personnel tuning, technological
modernization, digital monitoring, and governance improvements. The inclusion of a feedback loop
ensures continuous system adaptation and supports sustainable enterprise development.

Overall, the research contributes to bridging the gap between theoretical resource
management concepts and their practical application. It provides a methodological foundation for
enhancing efficiency, strengthening regulatory compliance, and improving decision-making
processes in industrial and construction enterprises.
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ONTUMM3ALUSA YOPPEKTUBHOCTHU IMPOMBIIIJIEHHBIX IPEAIPUATUI HA
OCHOBE PECYPCHOI'O AYJIUTA C UCIIOJIB3OBAHUEM YIIPABJIEHYECKUX U
TEXHOJOTMYECKNX UHHOBAIIUIA

A.A. Baprausin', D.10. l'aacrsan?, B.P. I'puropsin?, E.II. Eposin?, MLII. Akonsin®

Mockoeckuii 2ocyoapcmeennviii ynusepcumem um. Jlomonocoea
2Hncmumym 600HbIX npobnem u 2udpomexuuxu um. axao. U.B.Ecuazaposa
SHayuonanwuuiii ynusepcumem apxumeKmypol u cmpoumeibcmea Apmenuu

PaccmarpuBaercss  mpoGiiemMa  MOBBILIEHHUS — APQPEKTUBHOCTH  MPOMBIIUICHHBIX U
CTPOUTENIbHBIX HPEANPUSATHH B YCIOBUSAX JucOalaHCa pPecypcoB, OIpaHHYEHUN HOPMATHUBHO-
paBoBOW 0a3bl M POCTa TEXHOJIOIMYECKON CIOXKHOCTH. HecMOTpsl Ha 3HAUUTENbHOE KOJIMYECTBO
UCCIEIOBaHUM B o0jacTh  yOpaBlE€HUS pecypcaMy, CYLIECTBYIOIIME IOAXOAbI  HOCAT
(dbparMeHTapHBI XapakTep, paccMaTpHUBas OTIEIBHO KaJIpOBBIA, MaTEepPHATbHO-TEXHHUECKUN W
MHGOPMAIMOHHBIA MOTEHIMAJ, MPH 3TOM HEIOCTATOYHO YYHUTHIBACTCS MX HHTETPAllUs U POJIb
WCIIOJIHEHUS! HOPMATUBHBIX TPEOOBAaHU.

[Tpennaraercss KoHUENTyajabHas MOJEAb ONTHUMHU3ALMM TNPEANPUATHSA, OCHOBAaHHAs Ha
IPUHATHHA YNPABICHUECKUX PEIHICHUH, B KOTOPOM pECYpPCHBIM ayIUT BBICTYNAET KIIFOUYEBBIM
MHCTPYMEHTOM JUAarHOCTMKM M YyIpaBieHHs. Mojenab TO3BOJSAET BBIABIATH CUCTEMHBIE
aucOallaHChl,  BKJIOYas  JAeQUIUT  KOMIETEHIUH,  TEXHOJOTHYECKHE  HECOOTBETCTBUS,
Her(p(EeKTUBHOE paclpe/ielieHue pecypcoB, a TakKe MpoOIeMbl HOPMATUBHOIO PEryJIHpPOBAaHUS U
UX UCIIOJIHEHUSI.

HoBuzna uccrnenoBanus 3akiato4yaeTcs BO BKJIIOUYEHUMH MHCTUTYLIMOHAJIBHOIO M IPAaBOBOTO
(akTOpoB B CHCTEMY YIPABIEHUS pECcypcaMH, YTO IO3BOJISIET YUMTHIBATh BIIMSHHME KayecTBa
HOpPMAaTHUBHOM 0a3bl M 3(h(HEKTUBHOCTHU €€ pealn3aliy Ha pe3yIbTaThbl AeATEIbHOCTH IPEANPUITHSL.
Mogenp BKIIIOYAET MEXaHU3M OOpaTHOM CBsI3M, 00ECHEUYMBAIOLINI HEMPEepBhIBHYIO aJaNTallio U
YCTOHYMBOE Pa3BUTHE.

[Tomy4yenHbsle pe3ynbTaThl (OPMUPYIOT METOJOJOTHYECKYI0 OCHOBY JJIsl TOBBIIICHUS
3G EKTUBHOCTH, CHIKEHHMS DPHUCKOB, YIYUIIEHUS COOJIOACHUS HOPMATUBHBIX TpeOOBaHUU H
o0ecrnieuyeHns: yCTONYMBOrO Pa3BUTHSI IPOMBILUIEHHBIX U CTPOUTENBHBIX IPEITPUSITHIA.
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This paper examines the dynamics of electricity tariffs and the economic determinants
of regional energy cooperation, with a particular focus on post-Soviet countries and the South
Caucasus during the period 2022—-2025. The analysis is based on a combined dataset drawn
from international sources, including the International Energy Agency (IEA), the World Bank,
and global electricity price databases. The methodological framework integrates comparative
statistical analysis, time-series evaluation, group-based comparisons, and cross-sectional
econometric modeling. Electricity tariff dynamics are analyzed using index-based and relative
change indicators, while structural differences in access are assessed through the Electricity
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Access Index (EAI), which incorporates overall, urban, and rural electrification rates. To
identify the key determinants of electricity access, a multivariate regression model is applied.

The results indicate the emergence of distinct tariff subregions within the post-Soviet
space: high-price zones (Baltic countries), medium-price zones (South Caucasus), and low-
price zones (Central Asia). Empirical findings reveal that rural electrification is the primary
determinant of electricity access, whereas GDP per capita and tariff levels do not exhibit
statistically significant effects. Armenia maintains a relatively stable but comparatively high
tariff position in the region, largely due to a regulated pricing system and a diversified energy
mix. The findings suggest that electricity tariff dynamics are shaped by the combined influence
of resource endowment, market structure, regulatory frameworks, and regional integration
processes. The paper highlights the importance of targeted tariff policies, infrastructure
investments, and cross-border energy cooperation in ensuring energy affordability, efficiency,
and long-term energy security.

Keywords: electricity tariffs, energy cooperation, electricity access, post-Soviet
countries, South Caucasus, energy economics.

Introduction

Electricity is a fundamental input in modern economies, underpinning production
processes, technological progress, and household welfare. As a non-storable good with network
characteristics, electricity markets exhibit distinctive structural features, including natural
monopoly segments, high fixed costs, and significant regulatory oversight. These
characteristics imply that electricity pricing is not solely determined by market forces but
emerges from the interaction between resource endowments, market structures, and regulatory
regimes.

The cross-country variation in electricity tariffs reflects deep structural heterogeneity.
Differences in generation technologies, fuel mix composition, infrastructure quality, and
institutional capacity lead to substantial disparities in cost structures and pricing outcomes.
Countries endowed with abundant hydropower or fossil fuel resources often exhibit lower
marginal costs, whereas economies reliant on imported energy or capital-intensive technologies
tend to face higher tariff levels. At the same time, technological progress—particularly the
diffusion of renewable energy—has introduced new dynamics into electricity markets by
altering cost structures, intermittency patterns, and investment requirements.

From a theoretical perspective, electricity tariff formation can be understood within the
framework of regulated market structures. Traditional public utility theory emphasizes cost-of-
service regulation and price-setting mechanisms aimed at ensuring cost recovery and system
reliability. In contrast, modern regulatory approaches—such as incentive-based regulation and
liberalized market designs—seek to enhance efficiency while maintaining affordability and
security of supply.

In recent decades, global energy systems have undergone significant transformation
driven by decarbonization policies, the expansion of renewable energy sources, and increasing
demand pressures. These changes have heightened the complexity of electricity markets,
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amplifying price volatility and reinforcing the importance of regulatory frameworks in
stabilizing tariff dynamics. In this context, regional energy integration has emerged as a critical
mechanism for improving efficiency, reducing costs, and enhancing energy security through
cross-border electricity trade and infrastructure interconnections.

The post-Soviet region and the South Caucasus provide a particularly relevant empirical
setting for analyzing these dynamics. These countries share a common legacy of centrally
planned energy systems but have followed divergent paths in market liberalization, regulatory
reform, and integration into regional and global energy networks. As a result, the region exhibits
pronounced variation in tariff structures, access levels, and institutional arrangements.

Against this background, this study investigates the dynamics of electricity tariffs and
the structural determinants of regional energy cooperation in post-Soviet countries and the
South Caucasus over the period 2022-2025. The primary objective is to analyze tariff
dynamics, assess regional heterogeneity, and identify the key economic and structural factors
influencing regional energy cooperation.

Electricity price formation in modern energy economics is increasingly conceptualized
as a multi-dimensional process shaped by the interaction of market structure, regulatory design,
generation mix, cross-border integration, and technological change. Rather than being
determined solely by cost factors or competition, electricity tariffs emerge as equilibrium
outcomes within regulated market systems [1]. Empirical evidence suggests that electricity
market liberalization does not produce uniform pricing outcomes. Knittel and Roberts [5]
demonstrate that price behavior in restructured electricity markets is highly sensitive to market
concentration and regulatory oversight. Similarly, Bacchiocchi et al. [1] find that liberalization
effects vary significantly across European Union countries. A growing body of literature
focuses on the impact of renewable energy on electricity prices. Ballester and Furié [2] show
that renewable energy expansion affects both price levels and volatility, while CIo et al. [3]
confirm the presence of the merit-order effect, whereby renewable energy reduces wholesale
electricity prices. Recent studies emphasize the importance of system flexibility and
infrastructure development. Gaffney et al. [4] highlight the need for balancing mechanisms and
grid investments, while Joskow [6] underscores the critical role of transmission expansion in
achieving efficient energy transitions. Another important dimension concerns the relationship
between market integration and electricity prices. Klop¢i¢ et al. [17] find that increased cross-
border electricity flows can contribute to lower consumer prices, although this effect depends
on institutional quality and market maturity. Institutional analyses by the International Energy
Agency [8-10; 22] and the European Commission [11-12] indicate that electricity prices
remain structurally elevated following the 2022 energy crisis, reflecting persistent cost
pressures and structural changes in global energy systems. At the regional level, OECD studies
[13-14] highlight that electricity tariff dynamics in the South Caucasus are strongly influenced
by regulatory frameworks, state participation, and subsidy mechanisms. In Armenia, sectoral
stability is closely linked to regulatory efficiency and infrastructure modernization [15].

Methodology
The methodological framework of this study is based on an integrated approach that
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combines comparative statistical analysis, time-series examination, group-based comparisons,
index and relative calculations, as well as cross-sectional econometric estimation. The primary
objective of the research is to analyze electricity tariff dynamics, identify regional disparities,
assess structural inequalities in electricity access, and examine the economic determinants of
regional energy cooperation.

The subject of the study is the temporal variation of final electricity tariffs across
countries and country groups, as well as the structural characteristics of electricity access levels.
Particular emphasis is placed on post-Soviet countries, the South Caucasus, and neighboring
regions, alongside a broader global comparative sample that enables the evaluation of different
pricing and access models.

The empirical foundation of the study is constructed through the integration of
international and national statistical sources, including data from the World Bank [16], the
International Renewable Energy Agency (IRENA) [8].

The dataset includes final electricity tariff indicators across countries for the period
2022-2025, overall electricity access rates, urban and rural electrification levels, GDP per
capita data, as well as comparative averages for selected countries and regional groupings.

To ensure cross-country comparability, all tariff indicators are standardized in U.S.
dollars per kilowatt-hour (USD/kWh). Electricity access indicators are expressed in percentage
terms, while GDP per capita is measured in current U.S. dollars. This standardization enables
consistent temporal and cross-sectional analysis.

To ensure cross-country comparability, all tariff indicators are standardized in U.S.
dollars per kWh (USD/kWHh). Electricity access indicators are expressed in percentage terms,
while GDP per capita is measured in current U.S. dollars. This standardization enables
consistent temporal and cross-sectional analysis.

Descriptive statistics of the main variables used in the study are presented in Table 1.

Table 1
Descriptive Statistics of the Main Variables Used in the Study
Variable Mean Min Max Std.Dev
Access (%) 90.5 14 100 19.62
Rural access (%) 85.38 34 100 28.64
Price (USD/kWh) 0.167 0.006 0.465 0.109
GDP per capita 23635 357 188055 31772

Table 1 indicates that the average level of electricity access is 90.5%, although
significant cross-country variation is observed.
The correlation between the variables is presented in Table 2.

Table 2
Correlation Matrix of the Main Variables Used in the Study
Access GDP Price Rural
Access 1 0.34 0.19 0.95
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GDP 0.34 1 0.55 0.35
Price 0.19 0.55 1 0.2
Rural 0.95 0.35 0.2 1

The strongest relationship is observed between overall and rural electricity access
(0.95), confirming the critical role of infrastructure in shaping access outcomes.

Research Design and Analytical Framework

The analysis is conducted in five sequential stages.

In the first stage, the temporal dynamics of electricity tariffs are examined to identify
trends of increase, decrease, or relative stability over the period 2022—-2025.

In the second stage, a cross-country and regional comparative analysis is performed to
determine the formation of high-, medium-, and low-tariff zones across different countries and
regional groupings.

In the third stage, structural inequalities in electricity access are assessed through the
comparison of overall, urban, and rural electrification indicators.

In the fourth stage, the stages of electrification development and the main patterns of
structural disparities in access are evaluated.

In the fifth stage, an econometric estimation is conducted to identify the key economic
and structural determinants of overall electricity access.

Time-Series Analysis

To evaluate electricity tariff dynamics, a comparative time-series approach is applied.
For each country, electricity tariffs are treated as a time-dependent variable:

Py = a; + Bit + &, 1)
where: P;; — electricity tariff in country i at time t, «;— country-specific baseline (intercept)
level, B;t — coefficient capturing the time trend, &;,— stochastic error term.

The relative change in electricity prices is calculated using the following formula:

APy, = “TEL % 100 )

it—-1
This indicator allows for the assessment of the percentage change in electricity tariffs
relative to the previous period. The cumulative change relative to the base period is measured
using an index-based approach:

I = 2% x 100, ?)

where P;, denotes the electricity tariff in the base period.

Cross-Sectional and Group Comparative Analysis

To assess cross-country differences in electricity tariffs, a relative difference indicator
is employed:

RDyje = 2 x 100, (4)
jt

where RD;; . indicates the extent to which the electricity tariff in country i is higher or lower
relative to country j at time t. This approach is particularly useful for assessing Armenia’s tariff
position in comparison with neighboring countries and post-Soviet economies.

To identify regional and institutional differences, group averages are also calculated:
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Py = Z”g Py, (5)
where P, denotes the average electricity tarlff for group g at time t, and N, represents the
number of countries included in the respective group. This approach is applied to compare the
European Union (EU), the Eurasian Economic Union (EAEU), the Commonwealth of

Independent States (CIS), the South Caucasus, post-Soviet countries, and the global average.
To assess the degree of group homogeneity, the standard deviation is also employed:

th—IZ (Plt g,t)z- (6)

Assessment of Structural Inequality in Electricity Access

To evaluate structural differences in electricity access, indicators of overall, urban, and
rural electrification are employed. The disparity between urban and rural access is defined as a
measure of structural inequality:

Gap; =U; —R;, (7
where: Gap; — the urban—rural electrification gap in country i, U; — electricity access rate of
the urban population, R;— electricity access rate of the rural population.

This indicator enables the identification of countries where the spatial distribution of
energy infrastructure is most uneven.

In addition, a composite electrification index is calculated:

EAI; = 0.5T; + 0.25U; + 0.25R;, (8)
where: EAI; — Electricity Access Index, T; — overall electricity access rate, U; — urban
electricity access rate, R; — rural electricity access rate.

This index allows for the classification of countries according to their overall level of
electrification development.

Classification of Electrification Development Stages

In this study, countries are classified into three stages based on the level of overall
electricity access:

o Stage | — Energy Poverty: when access is below 50%,
o Stage Il — Energy Transition: when access ranges between 50% and 95%,
o Stage Il — Universal Access: when access exceeds 95%.

This classification enables a comparative assessment of countries’ positions along the
electrification development spectrum and helps identify those where the primary challenge
remains at the initial or intermediate stages of electrification.

Econometric Estimation Approach

To identify the economic and structural determinants of electricity access, a cross-
sectional multivariate regression model is employed. The dependent variable is the overall
electricity access rate, while the explanatory variables include GDP per capita, electricity
tariffs, and rural electricity access.

The econometric model is specified as follows:

Access; = a + p1GDPy; + B,Price; + BsRuralAccess; + g, 9)
where: Access;— overall electricity access in country i, GDP,.; — GDP per capita, Price;—
electricity tariff level, RuralAccess; — electricity access rate of the rural population, &;—
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stochastic error term.

The purpose of the model is to identify the key factors driving variation in national
electrification levels

From a theoretical perspective, it is expected that GDP per capita and rural electricity
access exert a positive effect on overall access, while the impact of electricity tariffs may be
ambiguous. Specifically, tariffs may reflect either affordability constraints that limit access or,
alternatively, more advanced and investment-intensive energy systems characterized by higher
cost structures.

To evaluate the economic foundations of regional energy cooperation, a simple price
differential indicator is also employed:

Tlije = Pje—Pie (10)
where TI;;, reflects the electricity tariff gap between countries i and j at time t.
If this difference is positive, it theoretically creates conditions under which the country with
lower electricity tariffs may gain a competitive advantage in electricity exports, the location of
energy-intensive production, or mutually beneficial energy cooperation.

At the same time, this indicator is interpreted with caution, as actual cooperation
outcomes depend not only on price differentials but also on the availability of cross-border
transmission infrastructure, technical capacity constraints, political relations, and the regulatory
environment.The results of the econometric model estimation are presented in Table 3.

Table 3
Econometric Estimation Results of the Determinants of Electricity Access

Variable Coefficient Std.Error p-value

GDP per capita 0.0000036 0.000022 0.869

Electricity price 0.309 6.143 0.960

Rural access 0.649*** 0.021 0.000

Constant 34.94 1.91 0.000

R-squared 0.902

Note: *** p<0.01, ** p<0.05, * p<0.10
The results indicate that rural electrification has the most significant effect on electricity
access (0.649, p < 0.01). At the same time, GDP per capita and electricity tariffs are not
statistically significant. The model exhibits strong explanatory power (R? = 0.902).

Fig. 1 Relationship Between GDP ™
per Capita and Electricity Access | |M

_ — 1 _A R2[=0.1238 ]
Fig. 1 indicates a weak positive 5 // —— Accdss
relationship between GDP per ; = Linehr (Access
capita and electricity access. <
However, this relationship is not
statistically significant, which is GDP per capita
consistent with the econometric - <

estimation results.
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To ensure the reliability of the model estimation, a series of diagnostic tests were
conducted. Multicollinearity was assessed through correlation analysis and the Variance
Inflation Factor (VIF). The results indicate that VIF values remain within acceptable thresholds,
suggesting the absence of significant collinearity among the explanatory variables.

In addition, heteroskedasticity was tested using the Breusch—Pagan test. The findings
suggest that the variance of the residuals does not violate the homoskedasticity assumption.
Where necessary, robust standard errors were applied to improve the reliability of the estimates.

To verify the stability of the results, additional estimations were performed using
alternative model specifications. In particular, logarithmic transformations of the variables were
applied to account for potential non-linear relationships. The results preserve the signs and
statistical significance of the main coefficients, indicating the robustness of the estimates.

Furthermore, the model was estimated using different combinations of explanatory
variables to test the sensitivity of the results to sample composition and variable structure. The
findings show that the main conclusions remain unchanged, confirming the overall validity of
the model.

The selected econometric model is grounded in the theoretical frameworks of energy
economics and development economics, according to which electricity access is determined by
both economic development and structural factors. GDP per capita reflects the population’s
purchasing power and investment capacity, while rural electrification captures the spatial
development of energy infrastructure. Electricity tariffs are included as an indicator of
affordability and cost conditions, which may either constrain consumption or reflect the level
of system development.

Thus, the model integrates economic, structural, and institutional factors, providing a
comprehensive assessment of the determinants of electricity access.

Limitations

The methodology of this study is subject to several limitations.
First, electricity tariffs may be reported for different consumer categories across countries,
which in some cases limits direct comparability.

Second, tariff structures may include taxes, subsidies, or social adjustments in certain
countries, while in others such components are absent or treated differently.

Third, the econometric analysis of electricity access is cross-sectional in nature and
primarily captures structural associations rather than strict causal relationships.

Fourth, the assessment of the economic preconditions for regional energy cooperation
cannot be reduced solely to price differentials and requires additional technical and institutional
data, including transmission capacity, infrastructure connectivity, and regulatory
harmonization.

Moreover, the use of cross-sectional data inherently constrains the identification of
causal relationships.

To address potential limitations, it should be noted that the model is cross-sectional and
may be affected by structural heterogeneity across countries. The relationship between income
and electricity access may be non-linear due to saturation effects, while electricity tariffs may
reflect both affordability constraints and cost-recovery mechanisms.
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Methodological Conclusion

Overall, the methodological framework of this study integrates descriptive statistics,
time-series analysis, index and relative calculations, structural assessment of electricity access,
and cross-sectional econometric modeling.

Such a combined approach enables not only the characterization of electricity tariff
dynamics and regional disparities, but also the identification of the structural factors that shape
electrification levels and the economic potential for regional energy cooperation.

Results and Discussion

In recent years, electricity price dynamics have been shaped by both structural
transformations in global energy markets and internal changes within national energy systems.
Empirical evidence suggests that in a number of advanced economies, price fluctuations are
driven by a combination of fuel market volatility, increasing penetration of renewable energy
sources, and network constraints.

More specifically, available evidence indicates that increases in wholesale electricity
prices are often driven by changes in the generation mix and capacity constraints, while the
expansion of renewable energy sources contributes to higher price volatility. These
developments reflect a dual dynamic in energy markets: a long-term transition toward
decarbonization alongside short-term price instability.

At the same time, the experience of European countries demonstrates that a high-tariff
environment can adversely affect industrial competitiveness, particularly in energy-intensive
sectors. Comparative data show that in certain economies, electricity prices significantly exceed
international averages, thereby constraining production activity and reducing investment
attractiveness.

At the global level, electricity demand growth continues to be driven by electrification,
industrial expansion, and digitalization processes. In this context, developing economies act as
the primary drivers of demand, while in advanced economies electricity price dynamics tend to
be more sensitive to policy measures and structural changes in market design.

Meanwhile, external shocks continue to exert a substantial influence on electricity
prices. Disruptions in energy supply chains and geopolitical tensions can lead to sharp price
increases, especially in regions dependent on imported fuels. This underscores the importance
of energy security and diversification as key stabilizing factors.

For instance, in Australia, wholesale electricity prices increased sharply in the fourth
quarter of 2024 due to declining coal production and grid constraints [18]. At the same time,
solar generation reached record levels, highlighting the growing variability of electricity
markets [19].

In the United Kingdom, high electricity prices became a major challenge for businesses
in 2023, negatively affecting competitiveness in energy-intensive sectors [20].

Reduced wind power generation in Germany led to increased reliance on fossil fuels
and rising electricity prices across Europe in early 2025 [21].

According to the International Energy Agency, global electricity demand is expected to
grow at an average annual rate of approximately 3.4% during 2023-2026, driven primarily by
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emerging economies [22]. In contrast, wholesale electricity prices in the United States declined
in 2024 due to increased natural gas availability and renewable energy expansion [23].

Electricity prices are also influenced by global shocks, particularly those affecting
hydrocarbon fuel markets. The geopolitical disruptions associated with the Russia—Ukraine
conflict in 2022 led to significant increases in electricity prices worldwide, especially in Europe.

According to Cable.co.uk data, electricity prices in 2024 were highest in Bermuda (USD
0.458 per kWh), while Armenia’s electricity price remained relatively low at approximately
USD 0.112 per kWh [24].

Statista data for March 2024 indicate that electricity prices in European countries such
as Italy (USD 0.43 per kWh), Ireland (USD 0.41), and Denmark (USD 0.36) are among the
highest globally [25].

According to GlobalPetrolPrices data, the global average electricity price in the fourth
quarter of 2024 was approximately USD 0.150 per kWh for households and USD 0.146 for
businesses. Europe remains the highest-cost region, while Asia records the lowest average
prices [26].

European Commission data show that the average electricity price for households in the
EU reached €0.2889 per kWh in the first half of 2024, with the highest prices observed in
Germany, Ireland, and Denmark [12].

According to International Energy Agency datasets, electricity price monitoring now
covers more than 140 countries and provides detailed insights into pricing structures, including
tax components and regional variations [9].

Elevated electricity prices may also slow down the transition to green technologies, as
higher energy costs reduce investment incentives in renewable energy systems [19, 20].

Table 4

Electricity Tariffs and Their Dynamics in Former Soviet Union Countries, 2022—-2025 (USD/kWh)

Country 2025 2024 2023 2022 2024/2022,%
Estonia 0.286 0.291 0.319 0.393 74.0
Lithuania 0.271 0.267 0.36 0.502 53.2
Latvia 0.28 0.256 0.295 0.317 80.8
Moldova 0.17 0.138 0.115 0.147 93.9
Armenia 0.111 0.112 0.103 0.104 107.7
Belarus 0.083 0.075 0.092 0.091 824
Ukraine 0.08 0.064 0.039 0.039 164.1
Georgia 0.067 0.062 0.076 0.077 80.5
Russia 0.065 0.058 0.064 0.059 98.3
Kazakhstan 0.055 0.05 0.045 0.045 1111
Azerbaijan 0.047 0.047 0.047 0.047 100.0
Tajikistan - 0.045 0.049 0.051 88.2
Turkmenistan - 0.03 0.025 0.024 1250
Uzbekistan 0.035 0.023 0.026 0.026 88.5
Kyrgyzstan 0.014 0.013 0.01 0.01 130.0

82



Bulletin Of High Technology N 1 (37) 2026.-pp. 73-97. ECONOMICS

A.Kh. Markosyan, E.N. Matevosyan, J. Cen, M.A. Markosyan

ELECTRICITY TARIFF DYNAMICS AND THE ECONOMIC DETERMINANTS
OF REGIONAL ENERGY COOPERATION

Note: The table presents the average final electricity tariffs for households in former Soviet Union
countries, expressed in USD per kWh. The data are reported for September 2022, March 2023, and
March 2024, allowing for an assessment of electricity tariff dynamics across the region. The indicator
“2024/2022, % reflects the relative change in tariffs, calculated as the ratio of March 2024 values to
those of September 2022. Data for 2025 are presented based on available statistical sources and
estimates. For Tajikistan and Turkmenistan, data for 2025 are not available due to limitations in
statistical reporting and data availability in the relevant sources.

Source: Compiled by the author based on data from Global Petrol Prices, Cable.co.uk. Electricity
prices and pricing in 230 countries. Retrieved from
https://www.globalpetrolprices.com/electricity prices/

Electricity price and production data were collected from multiple sources, including Global Petrol
Prices (Electricity Prices), Cable.co.uk (Electricity Prices in 230 Countries), the International Energy
Agency (IEA, Global Electricity Statistics), the International Renewable Energy Agency (IRENA,
Electricity and Energy Development in the South Caucasus), the World Bank (Electricity Production
and Consumption by Country), the Statistical Committee of the Republic of Armenia (Electricity
Production and Energy Statistics of Armenia).
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Fig. 2 Comparative Electricity Tariffs in Selected Countries, 2022—-2025

The presented data indicate that electricity tariff dynamics in former Soviet Union
countries during 2022-2025 have been heterogeneous, reflecting substantial differences in
energy development trajectories, regulatory frameworks, and market structures across the
region. Although these countries historically operated within a unified economic system, the
post-Soviet period has been characterized by divergent institutional transformations in energy
sectors, varying
subsidy policies, differing degrees of integration into international markets, and unequal
resource endowments. These factors have resulted in the emergence of a multi-polar tariff
structure.

As a consequence, at least three distinct tariff subregions can be identified within the
former Soviet space: the Baltic states, the South Caucasus, and Central Asia, each characterized
by its own economic logic of price formation.
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First, the highest tariff levels continue to be observed in the Baltic countries—Estonia,
Lithuania, and Latvia. Although a decline in tariffs was recorded in 2024 compared to 2022,
data for 2025 suggest the emergence of a stabilization phase, without a significant further
decrease. Specifically, in 2025 electricity tariffs reached USD 0.286 per kwWh in Estonia, USD
0.271 in Lithuania, and USD 0.280 in Latvia. These figures reflect not only a persistently high
price environment but also the deep integration of these countries into European energy
markets. The elevated price levels in 2022 were largely driven by the European energy crisis,
volatility in natural gas markets, and accelerated efforts to reduce energy dependence on Russia.
Therefore, the relative stabilization observed in 2024-2025 should not be interpreted as a return
to lower, pre-crisis price levels, but rather as the establishment of a new equilibrium at a
comparatively higher price range. In other words, in the case of the Baltic states, the evidence
points to a «new normal» of elevated electricity prices rather than a full price correction.

In contrast, the South Caucasus exhibits a more moderate and relatively stable tariff
environment. Armenia, Georgia, and Azerbaijan are characterized by lower electricity tariffs,
although notable differences persist among them. In Armenia, electricity tariffs in 2025
amounted to USD 0.111 per kWh, showing minimal deviation from both 2024 and 2022 levels.
This indicates a relatively stable tariff policy throughout the observed period, with only limited
fluctuations. Such stability can be attributed to the country’s diversified energy mix—
combining nuclear, thermal, and hydropower sources—as well as the continued presence of a
regulated tariff-setting system.

In Georgia, electricity tariffs reached USD 0.067 per kWh in 2025, reflecting a moderate
increase compared to 2024 while remaining at a relatively low level. This may be explained by
the country’s substantial hydropower potential, alongside emerging cost pressures within the
domestic energy system.

In Azerbaijan, by contrast, tariffs remained effectively unchanged over the period 2022—
2025 at approximately USD 0.047 per kWh. This stability reflects a state-controlled tariff
regime, supported by abundant oil and gas resources, which allows the country to maintain low
electricity prices with relatively limited exposure to international price fluctuations.

In Central Asian countries, the lowest tariff zone continues to prevail, primarily driven
by two key factors: the relative abundance of natural resources and tariff policies that are
heavily subsidized for social and political purposes. This group is particularly represented by
Kyrgyzstan, Uzbekistan, Tajikistan, and Turkmenistan, where electricity tariffs remain
significantly lower not only compared to the Baltic states but also to the South Caucasus.

However, these low tariff levels do not necessarily imply efficiency or market
equilibrium. On the contrary, they often reflect underlying structural issues such as cross-
subsidization, state financial support, underinvestment, and infrastructure depreciation risks.

In Kazakhstan, electricity tariffs reached USD 0.055 per kWh in 2025, continuing the
upward trend observed since 2024. In Kyrgyzstan, tariffs stood at USD 0.014 per kWh, also
maintaining a gradual upward trajectory. Uzbekistan similarly recorded an increase in 2025,
with tariffs rising from USD 0.023 to USD 0.035 per kWh. These developments suggest that
even traditionally low-tariff systems are subject to gradual adjustments over time, driven by
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rising production, distribution, and investment costs, as well as the progressive rationalization
of subsidies.

At the same time, the absence of 2025 data for Tajikistan and Turkmenistan limits a
comprehensive assessment of their recent dynamics. Nevertheless, available data for 2022—
2024 indicate that these countries have also maintained relatively low tariff positions.

The cases of Moldova and Ukraine are particularly illustrative of high energy
vulnerability and the impact of external shocks.

In Moldova, electricity tariffs reached USD 0.170 per kWh in 2025, exceeding not only
those of most South Caucasus and Central Asian countries but also showing a significant
increase compared to 2024 levels. This can be explained by high dependence on energy imports,
constraints related to energy security, and structural fragility of the domestic energy system.

In Ukraine, the situation is even more complex. Electricity tariffs increased to USD
0.080 per kWh in 2025, compared to USD 0.064 in 2024 and only USD 0.039 in 2022. Although
the absolute level remains moderate relative to some countries, the magnitude of the increase
reflects deep systemic disruptions.

Under conditions of ongoing conflict, damage to energy infrastructure, loss of
generation capacity, disruptions in supply chains, and additional reconstruction costs have
necessitated continuous tariff adjustments. The Ukrainian case highlights an important
analytical distinction: low absolute tariff levels do not necessarily imply system stability, and
relative dynamics may provide a more accurate reflection of structural stress.

Russia and Belarus represent relatively stable electricity pricing systems, albeit based
on different economic logics.

In Russia, electricity tariffs reached USD 0.065 per kwWh in 2025, showing a modest
increase compared to 2024 while remaining within a relatively low and controlled range. This
largely reflects the availability of abundant domestic energy resources and relatively low-cost
generation.

In Belarus, tariffs increased to USD 0.083 per kWh in 2025, reversing the decline
observed in 2024 and indicating a moderate upward adjustment.

Both cases illustrate that domestic resource availability, centralized state control, and
direct or indirect tariff regulation continue to mitigate the impact of global energy market
fluctuations on domestic price formation. However, even in these systems, the data for 2025
suggest the emergence of gradual price adjustments.

Synthesis and Policy Implications

The inclusion of 2025 data provides an additional opportunity to assess not only post-
crisis recovery but also the direction of emerging tariff trends. While the Baltic countries exhibit
relative stabilization in 2025, with only minor fluctuations, a clearer upward trajectory is
observed in several other countries. In particular, Moldova, Belarus, Ukraine, Georgia, Russia,
Kazakhstan, Uzbekistan, and Kyrgyzstan recorded higher tariff levels in 2025 compared to
2024. This suggests that following the initial shock phase of 2022, the region has entered a
second stage of tariff adjustment. In this phase, price dynamics are driven less by direct crisis-
related effects and more by underlying structural factors, including rising production and
distribution costs, investment requirements, exchange rate fluctuations, and regulatory
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adjustments. In this context, 2025 can be interpreted as a transitional period, marking the shift
from crisis-driven adaptation toward a new structural price equilibrium.

At the same time, the 2025 data indicate that tariff convergence across the post-Soviet
space is not occurring. On the contrary, in some subregions, disparities are either persisting or
even widening, reflecting divergent development paths and institutional configurations.

One of the key findings of the analysis is that electricity tariffs in the former Soviet
Union cannot be explained solely by resource endowments. While the availability of energy
resources constitutes an important precondition, tariff outcomes are equally shaped by
institutional arrangements, public policy priorities, subsidy mechanisms, social protection
systems, the degree of external integration, and the scale of infrastructure investment needs.

Thus, even countries with similar resource bases may exhibit significantly different
tariff levels depending on governance quality and regulatory models. The 2025 data further
emphasize that, in the long run, the financial capacity to modernize energy systems becomes as
important as resource availability itself.

From a policy perspective, the findings highlight the need for countries in the region to
balance three key objectives: social affordability, the financial viability of energy companies,
and the long-term modernization of infrastructure.

Excessively low tariffs may ensure short-term social acceptability but often constrain
investment capacity and exacerbate infrastructure degradation over time. Conversely, rapid and
substantial tariff increases may intensify energy poverty and social inequality, particularly
among low-income households.

Therefore, effective tariff policy should not rely solely on market signals but must also
incorporate targeted social protection, efficient subsidy design, and mechanisms to promote
energy efficiency. The observed trends in 2025 suggest that many countries are currently
engaged in adjusting this balance, which has become a central driver of tariff reforms.

Table 5
Comparative Electricity Tariff Levels in the South Caucasus and Neighboring
Countries, 2022—-2025

Country 2025 2024 2023 2022 2025/2022,%

Armenia 0.111 0.112 0.103 0.104 106.7

Georgia 0.067 0.062 0.076 0.077 87.0

Russia 0.065 0.058 0.064 0.059 110.2

Turkey 0.067 0.048 0.077 0.073 91.8

Azerbaijan 0.047 0.047 0.047 0.047 100.0

Iran 0.003 0.002 0.005 0.002 150.0
Source: Compiled by the author based on data from Global Petrol Prices, Cable.co.uk, Electricity
prices and pricing in 230 countries. Retrieved from

https://www.globalpetrolprices.com/electricity prices/

Electricity price and production data were collected from multiple sources, including Global Petrol
Prices (Electricity Prices), Cable.co.uk (Electricity Prices in 230 Countries), the International Energy
Agency (IEA, Global Electricity Statistics), the International Renewable Energy Agency (IRENA,
Electricity and Energy Development in the South Caucasus), the World Bank (Electricity Production
and Consumption by Country), the Statistical Committee of the Republic of Armenia (Electricity
Production and Energy Statistics of Armenia).
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In conclusion, the comparative analysis of electricity tariffs in former Soviet Union
countries over the period 2022-2025 reveals pronounced regional differentiation and confirms
that the post-Soviet energy space no longer functions as a unified tariff zone. The Baltic
countries represent a Europeanized, high-price, and integrated model; the South Caucasus
constitutes an intermediate zone characterized by relative stability and mixed energy structures;
while Central Asia reflects a low-tariff system often sustained by subsidies.

The incorporation of 2025 data further demonstrates that a new phase of tariff
adjustment is underway in several countries, driven not only by the aftermath of external shocks
but also by the accumulation of internal structural challenges.

This differentiation provides an important methodological foundation for future
research, particularly when electricity tariffs are considered not merely as price indicators, but
as broader measures of economic security, social accessibility, and the effectiveness of energy
policy.

Comparative Analysis of Electricity Tariffs in the South Caucasus and Neighboring
Countries

The analysis of the presented data indicates that electricity tariff levels in the South
Caucasus and neighboring countries during 2022—-2025 have been shaped by diverse economic
and institutional conditions, reflecting the structural characteristics of regional energy markets.
Although these countries are located within the same geographical region and, in some cases,
share interconnected energy systems, their tariff policies and pricing mechanisms differ
substantially due to variations in resource endowments, regulatory frameworks, and energy
system organization.

The data show that among the countries considered, the highest electricity tariffs are
observed in Armenia. In 2025, the tariff reached USD 0.111 per kWh, remaining virtually
unchanged from 2024 (USD 0.112) and recording a modest increase compared to 2022
(106.7%). This indicates that electricity tariffs in Armenia have remained relatively stable over
the analyzed period. Such stability can be attributed to the structure of the country’s energy
system, which combines nuclear, thermal, and hydropower generation, as well as to the
presence of regulated tariff-setting mechanisms aimed at maintaining social stability.

In Georgia, electricity tariffs exhibit a declining trend over the period under
consideration. While tariffs stood at USD 0.077 per kWh in 2022, they decreased to USD 0.067
per kwWh by 2025 (87.0%). This development may be associated with the active utilization of
the country’s hydropower potential and the significant share of renewable energy sources in its
generation mix, which in some cases allows for maintaining relatively competitive tariff levels.

In Russia, electricity tariffs remain relatively low but show a moderate upward trend. In
2025, tariffs reached USD 0.065 per kWh, exceeding the 2022 level (110.2%). This increase
may reflect gradual growth in production and distribution costs, as well as the need for
infrastructure modernization. At the same time, the country’s abundant energy resources and
extensive generation capacity continue to support one of the lower tariff environments in the
region.

In Turkey, electricity tariffs display a more volatile dynamic. Tariffs increased to USD
0.077 per kWh in 2023, then declined to USD 0.048 per kWh in 2024, before rising again to
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USD 0.067 per kWh in 2025. Overall, the 2025 level remains slightly below that of 2022
(91.8%). Such fluctuations are largely driven by the structure of the energy market, dependence
on imported energy resources, exchange rate volatility, and regulatory policies.

In Azerbaijan, electricity tariffs remained unchanged throughout the entire period at
approximately USD 0.047 per kWh. This stability reflects a highly controlled energy pricing
system, largely supported by abundant oil and gas resources and state subsidies. The availability
of domestic energy resources allows the country to maintain relatively low and stable tariffs

while minimizing exposure to fluctuations in international energy markets.

In Iran, electricity tariffs are the lowest among the countries considered. In 2025, the
tariff amounted to only USD 0.003 per kWh, which, despite representing a significant increase
compared to 2022 (150.0%), remains exceptionally low by international standards.

This situation is largely driven by extensive state subsidies and the country’s abundant
energy resources. However, such extremely low tariff levels may generate efficiency-related
challenges, including excessive energy consumption and constraints on investment in the

energy sector.
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Table 6
Comparative Levels and Dynamics of Electricity Tariffs Across Country Groups, 2022-2025
(USD/KWh)
Country Groupings Electricity Price | Electricity Price Electricity Electricity
(USD/KWh) (USD/KWh) Price Price 2025/2022.%
o ooa (USD/KWh), | (USD/KWh), ’
2023 2022
Top (15) 0.021 0.012 0.019 0.017 1235
Armenia and Neighboring 0.059 0.054 0.062 0.061 96.7
Countries (5) ' ' ' ' '
EAEU (5) 0.066 0.062 0.063 0.062 106.5
CIS (9) 0.073 0.065 0.063 0.066 110.6
World (All Countries) 0.159 0.157 0.152 0.163 97.5
(Clel’;”a' and Southern Europe 0.231 0.233 0.263 0.295 78.3
OECD Average (34) 0.243 0.242 0.257 0.298 81.5
EU (27) 0.27 0.267 0.296 0.353 76.5
Worst (15) 0.384 0.389 0.383 0.421 91.2
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Note: The table presents the average final electricity tariffs for different country groups, expressed in
USD per kWh. The data are reported for September 2022, March 2023, March 2024, and March 2025,
allowing for an assessment of temporal trends in electricity prices across various regional and
institutional groupings.The indicator “2025/2022, %" reflects the relative change in tariffs, calculated
as the ratio of 2025 values to those of 2022. The groups “Best (15)” and “Worst (15)” represent the
average tariff levels of countries with the lowest and highest electricity prices, respectively, within the
sample. The “OECD average” is calculated based on the mean value of OECD member countries
included in the dataset (34 countries). The groups “EU (27)” and “Central and Southern Europe (11)”
reflect the average levels for the respective regional economic groupings. The “World” row represents
the average value across all countries included in the dataset.

Source: Authors’ calculations based on international electricity price databases (Global Electricity
Price Database, World Bank energy statistics, and other international statistical sources).

A comparative analysis of the South Caucasus and neighboring countries indicates that in
resource-rich or heavily subsidized economies, electricity tariffs are typically maintained at
lower levels, whereas in countries dependent on energy imports or characterized by more
diversified energy systems, tariffs tend to be relatively higher. This distinction is particularly
important for the design of regional energy cooperation and energy security policies, as
electricity tariffs serve not only as indicators of economic efficiency, but also as key measures
of social affordability and energy system resilience.
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Fig. 4 Comparative Average Electricity Prices Across Country Groups (USD/kWh), 2022—-2025

The analysis of the data presented in Table 6 (Fig. 4) indicates that electricity tariff
levels across different country groups during 2022—-2025 have been shaped by distinct economic
and institutional conditions. The observed dynamics reflect both global energy market
transformations and the structural characteristics of regional energy systems. At the same time,
significant tariff disparities persist across country groups, driven by differences in resource
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availability, regulatory frameworks, market organization, and the level of energy infrastructure
development.

The data show that the lowest tariff levels are observed in the “Top (15)” group, where
the average electricity price reached USD 0.021 per kWh in 2025. Despite remaining relatively
low, this value significantly exceeds the 2022 level (123.5%), indicating the presence of
inflationary pressures even in the lowest-cost countries. These increases may be attributed to
rising production costs, volatility in global energy markets, and growing infrastructure
investment requirements.

In the group of South Caucasus and neighboring countries, tariff levels remain at a
moderate range. The average electricity price in the “Armenia and Neighboring Countries (5)”
group reached USD 0.059 per kWh in 2025, slightly below the 2022 level (96.7%). This
suggests relatively stable tariff dynamics, likely supported by regulatory mechanisms and the
region’s partial access to domestic energy resources.

In the Eurasian Economic Union (EAEU), electricity tariffs also remain relatively low,
although a moderate increase is observed. In 2025, the average tariff reached USD 0.066 per
kWh, exceeding the 2022 level (106.5%). This trend may reflect infrastructure modernization
needs, rising production and distribution costs, and gradual adjustments in subsidy policies. A
similar pattern is observed in the Commonwealth of Independent States (CIS), where the
average tariff reached USD 0.073 per kWh in 2025 (110.6% relative to 2022).

At the global level, electricity prices remained relatively stable over the period. In 2025,
the global average stood at USD 0.159 per kWh, closely aligned with the 2022 level (97.5%).
This suggests that, following the 2022 energy crisis, global energy markets have undergone
partial rebalancing and price stabilization. However, significant regional differences persist,
reflecting structural variations in energy systems and market organization.

Higher tariff levels are observed in European country groups. In Central and Southern
Europe, the average electricity price reached USD 0.231 per kWh in 2025, while in the
European Union (EU) it rose to USD 0.270 per kWh. Despite these high levels, a declining
trend is observed compared to 2022 (78.3% and 76.5%, respectively), reflecting the impact of
policy interventions and market adjustments implemented after the energy crisis.

In OECD countries, the average electricity price reached USD 0.243 per kWh in 2025,
also significantly lower than in 2022 (81.5%). This indicates that developed economies have
been able to partially mitigate the effects of the energy crisis through effective energy policies
and regulatory mechanisms.

At the opposite end, the “Worst (15)” group continues to exhibit the highest electricity
tariffs, with an average of USD 0.384 per kWh in 2025. Although slightly lower than in 2022
(91.2%), these high price levels are typically associated with dependence on imported energy
resources, limited generation capacity, and structural inefficiencies in market design.

Overall, the comparative analysis demonstrates that electricity tariff formation across
country groups is determined by a complex interplay of factors, including resource
endowments, regulatory policies, infrastructure development, and the degree of market
integration. While some degree of price stabilization has occurred following the global energy
shock of 2022, tariff disparities across regions remain pronounced.
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These findings are particularly relevant for the assessment of regional energy
cooperation, energy security, and the effectiveness of energy policy, as electricity tariffs serve
not only as indicators of economic efficiency but also as key measures of social affordability
and systemic resilience.

Structural Inequality in Electricity Access and Empirical Assessment

A comparative analysis of electricity tariffs cannot be considered complete without
examining the structural dimension of access, as relatively low tariff levels do not necessarily
imply universal energy inclusion. In this context, electricity access serves not only as an
indicator of social welfare, but also as a key measure of infrastructure development, spatial
equity, and economic capacity. Therefore, a joint analysis of tariffs and access provides a more
comprehensive understanding of the development levels of global and regional energy systems.

Quantitative analysis of global data shows that the average level of overall electricity
access across the observed countries is approximately 87%, while access for the urban
population exceeds 94%, and for the rural population stands at around 82%. This gap suggests
that, at the current stage of energy development, the main challenge is no longer the absence of
electrification at the national level, but rather its uneven spatial distribution. In many countries,
electricity access in urban centers is nearly universal, whereas rural areas remain relatively
underserved.

The estimation of the urban-rural electricity access gap indicates that in a significant
number of countries this disparity is small or negligible; however, in others it remains
substantial. The largest urban—rural gaps are observed primarily in Africa and in certain low-
income economies, where energy infrastructure development is concentrated in urban areas.
This implies that the next phase of global electrification will be determined less by the
expansion of urban networks and more by the systematic electrification of rural regions.

To deepen the structural analysis, a correlation assessment was conducted. The results
indicate that overall electricity access is most strongly associated with rural access levels. The
high positive correlation suggests that the primary driver of improvements in national
electrification rates is the expansion of rural electrification. At the same time, urban access in
many countries is already close to saturation, limiting its marginal contribution to further
increases in overall access.

This finding leads to an important policy implication: one of the key priorities of global
energy policy should be the expansion of rural energy inclusion.

Based on electricity access levels, three stages of energy development can be
distinguished. The first stage corresponds to energy poverty, where a significant share of the
population lacks access to electricity. The second stage represents the energy transition phase,
characterized by increasing overall access alongside persistent spatial and social inequalities.
The third stage corresponds to universal electrification, where nearly the entire population is
connected to electricity networks.

This classification shows that most countries in Europe, North America, and East Asia
have already reached the stage of universal access, while several countries in Africa and South
Asia remain in the first or second stages of electrification.
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To identify the economic foundations of cross-country differences in electricity access,
an econometric estimation was conducted in which the dependent variable is the overall level
of electricity access, while the explanatory variables include GDP per capita, electricity tariffs,
and rural electricity access.

The estimation results indicate that among the examined factors, rural electrification
exerts the strongest effect. The findings show that a one percentage point increase in rural access
is associated with approximately a 0.65 percentage point increase in overall electricity access.
This confirms that the primary constraint on global electrification remains the uneven
development of rural energy infrastructure.

At the same time, The econometric results indicate a positive but statistically
insignificant relationship between GDP per capita and electricity access, suggesting that while
higher income levels may facilitate infrastructure development, they do not constitute a primary
determinant of access in the cross-country context. This finding suggests that countries with
higher levels of economic development possess greater capacity to finance the construction,
modernization, and spatial expansion of electricity infrastructure. In other words, higher income
levels increase not only household purchasing power but also the ability of both the public and
private sectors to support universal electrification.

The coefficient on electricity tariffs is also positive. Although at first glance the positive
association between higher tariffs and higher access levels may appear counterintuitive, in a
cross-country context it reflects a different economic logic. Countries with higher tariff levels
are often characterized by more developed infrastructure, higher income levels, greater cost
recovery, and more mature energy markets. Therefore, this result should not be interpreted as
evidence of the social desirability of higher prices, but rather as an indication that more
advanced and investment-intensive energy systems tend to exhibit both higher access levels
and, in many cases, higher final tariffs.

Overall, the econometric findings reinforce the conclusion that rural electrification is
the key determinant of electricity access.

The empirical results complement the comparative tariff analysis and demonstrate that
international differences in the electricity sector should be evaluated across at least three
interrelated dimensions: price, access, and spatial equity. While tariff analysis reveals
competitive and institutional differences across countries and regions, the access-based and
econometric analysis identifies the structural factors that determine the inclusiveness of energy
systems.

From this perspective, effective electricity policy should simultaneously address tariff
stability, infrastructure modernization, and—most importantly—the expansion of energy
access in rural areas.

The findings indicate that in developing countries, the primary constraint on electricity
access is not tariff levels per se, but rather the spatial availability of energy infrastructure. In
particular, rural electrification emerges as the central driver of overall access.

Accordingly, energy policy should prioritize the expansion of rural electrification as the
main pathway toward achieving universal electricity access. At the same time, tariff policy
should be designed in conjunction with social protection mechanisms and infrastructure
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investments, ensuring both affordability for consumers and the financial sustainability of the
energy system.

Conclusion
The results of this study demonstrate that electricity tariff dynamics and access levels

are shaped by a complex interplay of multiple factors, where both economic development and
the structural and institutional characteristics of energy systems play a crucial role. The
comparative analysis for the period 2022-2025 reveals the emergence of distinct tariff
subregions within the post-Soviet space, reflecting differences in resource endowments,
regulatory models, and levels of market development.

The empirical findings confirm that rural electrification exerts the most significant
positive influence on electricity access, while GDP per capita shows a positive but statistically
insignificant association in the estimated model. At the same time, the impact of tariff levels is
not uniform and depends on country-specific institutional and market conditions. This suggests
that identical tariff policies may produce different socio-economic outcomes across countries.

The regional analysis indicates that the South Caucasus is characterized by a relatively
stable tariff environment, albeit with notable internal differences. Armenia maintains a
comparatively high but stable tariff position, largely driven by a regulated system and a
diversified energy mix. In contrast, the low tariff levels observed in Central Asian countries are
often associated with subsidy-based policies, which may constrain long-term investment
capacity and hinder infrastructure modernization.

Overall, the study confirms that electricity tariffs should be interpreted not merely as
price indicators, but as composite measures of economic efficiency, social affordability, and
energy security. The limitations of the study—particularly those related to data comparability
and the cross-sectional nature of the model—highlight the need for future research based on
dynamic and panel data approaches.

The findings of the study allow for the formulation of several policy recommendations.

First, it is essential to develop a balanced tariff policy that simultaneously ensures social
affordability and the financial sustainability of energy companies. Excessively low tariffs may
restrict investment flows and delay infrastructure modernization, while sharp tariff increases
may exacerbate energy poverty.

Second, targeted subsidy mechanisms should be implemented to support vulnerable
groups, replacing broad and untargeted subsidies that may distort market efficiency.
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Third, investment in energy infrastructure should be strengthened, particularly in rural
and remote areas where electrification levels remain limited. Expanding rural electrification can
significantly improve overall access and contribute to economic development.

Fourth, regional energy cooperation should be enhanced, including the expansion of
cross-border transmission networks and the deepening of electricity trade. While tariff
differentials may create opportunities for mutually beneficial cooperation, their realization
requires coordinated institutional and technical policies.

Fifth, the development of renewable energy and the diversification of energy systems
should be promoted in order to reduce vulnerability to external shocks and ensure long-term
price stability.

In conclusion, effective energy policy must integrate market mechanisms, social
protection, and regional integration in order to ensure the development of sustainable,
affordable, and competitive energy systems.
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YAMBEP]]” Hayuno-uccredosamenvcruti yenmp, AIDY

2 Apmancruii Tocyoapemeennviii Ixonomuyeckuii Yuueepcumem

3HHcmumym akonomuxu umenu M. Komanana, HAH PA
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ELECTRICITY TARIFF DYNAMICS AND THE ECONOMIC DETERMINANTS
OF REGIONAL ENERGY COOPERATION

B cratbe mpoBeneHO KOMIUIEKCHOE UCCIIEJOBaHME JMHAMUKU TapudpoB Ha
JNEKTPOIHEPTHUI0 U (PAKTOPOB,  ONPEACHSIONUX  PETHOHAJIBHOE  DHEPreTUYECKOe
COTPYAHUYECTBO B MOCTCOBETCKUX cTpaHax u peruone IOxuoro Kaskaza 3a mepuoa 2022—
2025 rr. DmMmupudeckas 0a3a wuccienoBaHus cPOpMHUpOBaHA HAa OCHOBE COIMOCTABICHUS
JAHHBIX MEXTyHAPOIHBIX UCTOYHUKOB, BKJIIOUast MexayHapogHOE SHEPIETUUYECKOE areHTCTBO
(IEA), BcemupHblit 6aHK 1 1i100aibHbIC 0a3bl JAHHBIX [IEH HA JICKTPOIHEPTHIO.

Metononornyeckas OCHOBa UCCIIEIOBAHUS BKJIIOUAET CPaBHHUTENbHBIH
CTAaTHUCTUYECKUN aHalIu3, aHalh3 BPEMEHHBIX PSIOB, MEXKCTPAHOBBIE W MEKIPYIIOBHIE
COIIOCTABJICHHUS, a TAKXKE KPOCC-CEKIIMOHHOE SKOHOMETpUUECKoe MoenupoBanue. lunamuka
U3MEHEHHUs Tapu(oB OILIEHWBAETCS C WCIIOJIB30BAHUEM UHAECKCHBIX U OTHOCHTEIBHBIX
MOKa3aTeseid, Toraa Kak CTpyKTYpHbIE Pa3inuus B JOCTYIIE K SJICKTPOIHEPTHH aHAIU3UPYIOTCS
¢ npumenenneM Wunmekca moctyma k snektposHepruu (Electricity Access Index, EAI),
BKJTIOYAIOIIETO TIOKA3aTeNn 00IIero, TOPOJCKOTO U CEIbCKOTO YPOBHS deKTpuukamun. s
BBISIBIICHHS KJIFOUEBBIX (PAKTOPOB JOCTYMA K AIIEKTPOIHEPTUHU HCIIONIB3YETCS MHOTOMEpHast
perpeccuoHHas MOJIEb.

[TomydyeHHble pe3yJbTaThl CBUIETENBLCTBYIOT O (OPMHUPOBAHHM BBIPAKEHHBIX
Tapu(HBIX CyOpErMOHOB B ITOCTCOBETCKOM IPOCTPAHCTBE: 30HBI BBICOKMX II€H (CTpaHbl
bantun), cpeauux nen (FOxuspiii KaBka3z) u Hu3kux 1eH (LlentpanbHas Azus). DMOUpUYECKUi
aHaJI3 MOKa3bIBAET, YTO YPOBEHB CEJIbCKO ANIEKTpU(UKALINY ABISETCS KIIFOYEBBIM (DAaKTOPOM,
OTpeAeIAIONIMM 00N YypOBEHb JOCTYyNa K 3JEKTPOIHEPruy, B To Bpems kak BBII Ha nymry
HaCeJIEHUs1 U YPOBEHb TapH (OB HE OKA3bIBAIOT CTATUCTUYECKH 3HAUUMOT'O BIMSHUS. APMEHUS
XapaKTepU3yeTCsl OTHOCUTENbHO CTAaOWJIBHOW, HO CpPaBHHUTEIBHO BBICOKOW TapudHON
MO3UIIMEH, YTO  OOYCJIOBJIICHO  PETyJHUPYeMOM  CHCTEeMOW  II€HOOOpa3oBaHUSI U
JTUBEPCUPUIIMPOBAHHON CTPYKTYpPOIl HEpreTUyecKoro dagaHca.

Pe3ynbTaThl Mccae10BaHUs MOKa3bIBAIOT, YTO JUHAMUKA Tapu(poB GOpMHUPYETCs MOA
BO3/ICHCTBHEM COBOKYITHOCTH (DaKTOPOB, BKJIIOUYASI PECYPCHYIO 00ECIEYeHHOCTh, CTPYKTYPY
PBIHKA, MHCTUTYLMOHAIBLHO-PETYJIATOPHYIO CPEy U IPOLECCHl PErMOHAIBHOW MHTETPALUH.
[TonuepkuBaeTcst HEOOXOIUMOCTh pa3pabOTKU cOaTaHCUPOBAHHOW TapU(pHOW MOJUTHKH,
pacliupeHHsi HMHBECTHMLMA B  UHQpAcTpyKTypy H  yriyOJeHUs TpaHCIPAaHUYHOIO
HHEPreTUUECKOr0 COTPYJHUYECTBA KaK KIIIOUEBBIX YCJIOBHMM oOecrneueHuss JOCTYIHOCTH,
3¢ (PEKTUBHOCTH U AOJATOCPOUHOMN IHEPTeTUUECKON OE30MaCHOCTH.

Kniouesvie cnosa: Tapudbl Ha SIEKTPOIHEPTUIO, YHEPreTHYECKOE COTPYAHHUYECTBO,
JOCTYT K 3JIEKTPOIHEPTUH, IIOCTCOBETCKHE cTpaHbl, KOxHbIi KaBka3, 5KOHOMHKA SHEPTeTHKH.
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Abstract

Sovereign credit ratings currently represent some of the most important indicators in
global financial markets, having a significant influence on government financing conditions
and investment decisions. In the case of the Republic of Armenia, these ratings are of particular
importance given the current stage of economic development and the existing challenges in
public debt management. However, delays in market response (1-2 months) and the limited
development of the domestic financial market constrain the effectiveness of the financial
system’s functioning. A comparative analysis shows that in countries such as Georgia and the
Baltic states (Latvia and Lithuania), the transmission of rating signals to the market occurs more
rapidly and more efficiently, which is explained by higher levels of institutional reforms and
the quality of financial governance. All of this underscores the need for the implementation of
consistent reforms in Armenia, the improvement of the public debt management strategy, and
the enhancement of information transparency in the financial market. These steps will make it
possible to improve the country’s sovereign ratings, reduce borrowing costs, and ensure
sustainable long-term economic growth.

Keywords: Sovereign credit rating, government bonds, financial stability, risk premium,
debt management, bond yields.

Introduction
The modern global financial environment imposes higher requirements on the
investment decision-making process, emphasizing the need for transparency, objectivity, and
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rigorous analysis. Under these conditions, sovereign credit ratings provided by leading
international rating agencies—Moody’s, Standard & Poor’s, and Fitch—become key signals
for financial markets. They reflect a country’s financial and economic condition, credit risks,
and the government’s ability to meet its debt obligations. Ratings represent a decisive factor
not only in investment decision-making but also in the formation of borrowing costs for
governments. Sovereign ratings constitute a classification system based on a wide range of
criteria, including fiscal indicators (public debt, budget deficit, monetary policy), economic
factors (economic growth, export levels), as well as structural and institutional characteristics
(political stability, legal environment, quality of governance). The combination and analysis of
these diverse criteria allow rating agencies to assess a country’s long-term financial
sustainability and risks, which in turn has an additional impact on capital markets. Credit ratings
serve as an important tool for assessing a country’s creditworthiness and financial stability. The
outlooks that accompany them—*stable,” “positive,” or “negative”—signal possible changes
in the level of investor confidence and the direction of future rating revisions. These indicators
serve as important tools for investors when assessing risks, forecasting government bond yields,
and managing their investment portfolios accordingly. In the case of the Republic of Armenia,
sovereign ratings are of particular importance, as the country is undergoing a complex phase of
recovery and reform, in which public debt management and the provision of financial stability
constitute key fundamental factors. The public debt management strategy, which is regularly
updated and published by the Government of Armenia, is aimed at the timely and efficient
mobilization of borrowed funds, the reduction of financial risks, and the optimization of debt
servicing costs. The aforementioned rating agencies, despite certain methodological
differences, unanimously emphasize the importance of economic and political risks, the impact
of which is particularly pronounced for emerging economies. Nevertheless, indicators such as
control over public debt, fiscal discipline, political stability, and the implementation of
structural reforms constitute key components in the formation of sovereign ratings. The
relationship between government ratings and government bond yields represents a multifaceted
interaction that directly affects the stability of a country’s financial markets and investment
flows. A high rating generally contributes to lower bond yields by acting as a signal of reduced
risk, which stimulates capital inflows and ensures more accessible financing. Conversely, a
rating downgrade increases borrowing costs, which may constrain a government’s financial
capacity and affect macroeconomic performance. In this context, the present article is aimed at
conducting an in-depth quantitative analysis of the relationship between Armenia’s sovereign
ratings and the yields on 364-day government bonds over the period 2010-2025. The results of
the study not only complement the academic literature on sovereign ratings and public debt
management but may also serve as a tool for developing effective fiscal policy strategies and
financial market development, thereby ensuring Armenia’s financial stability and favorable
prospects for economic growth.

This study is relevant both for the academic community and for practical policy-making,
strengthening the link between theory and the implementation of financial policy, particularly
in developing countries, where financial market infrastructure and the role of rating agencies
continue to expand steadily [1, 2].
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Conflict Setting

The aim of this study is to examine the significance of sovereign credit ratings within

the context of Armenia’s ongoing economic recovery and structural reforms. Effective public
debt management and financial stability are pivotal for sustainable development and play a
decisive role in shaping investment decisions and borrowing conditions.
This research utilizes official data from the Government of Armenia and reports from leading
international rating agencies to conduct a rigorous quantitative assessment of the determinants
of sovereign ratings, including fiscal performance, economic indicators, and institutional
factors. Additionally, the study investigates the relationship between sovereign ratings and 364-
day government bond yields, exploring their influence on capital flows, financing conditions,
and overall macroeconomic performance.

The findings offer evidence-based insights for policymakers and investors, illuminating
the complex interactions between sovereign ratings, financial market stability, and long-term
economic growth, thereby contributing to informed fiscal strategy and investment planning in
a transitioning economy.

Research Results

In the modern global financial environment, sovereign credit ratings are a key factor
shaping investment behavior, guiding decisions of capital market participants and influencing
perceptions of a country’s creditworthiness, financial reliability, and external financing
conditions, as well as the signals transmitted to the market. Government bonds are often
regarded as instruments with relatively low risk and stable returns, especially in emerging
economies, where investors closely monitor the assessments of rating agencies such as
Moody’s, Standard & Poor’s, and Fitch. These assessments are based on a comprehensive set
of criteria, including the level of public debt, budgetary discipline, stability of economic
growth, external risks, effectiveness of monetary policy, and the quality of institutional
governance.

The Republic of Armenia, as a small and open emerging economy, is sensitive to
changes in sovereign ratings and their impact on the financial market.

The data analysis shows a significant negative correlation (r =~ —0.61) between
Armenia’s sovereign rating and the yield on 364-day government bonds, indicating a reduction
in short-term financing costs when the rating improves. This correlation suggests that as the
rating improves, bond yields decline because investors perceive a reduction in the risk premium
as a sign of safer lending. At the same time, a downgrade is accompanied by an increase in
bond yields, reflecting a higher risk premium.

Secondly, the structure of investors and insufficiently developed market practices
reduce market efficiency and slow the speed of reaction. This delay lowers the predictability
and transparency of market processes, which in the long run may negatively affect the stability
of the investment environment.

Using Armenia as an example makes it possible to more clearly illustrate how rating
factors and perceived sovereign risk influence external financing conditions. Despite the fact
that since 2006 Armenia has been classified within the non-investment-grade (“speculative’)
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category, a certain level of confidence in international markets has been maintained, as
evidenced by a number of successful Eurobond issuances.

The main Eurobond issuances include the following:
= |n 2013, a 7-year issuance with a risk spread of 413.2 basis points;
= In 2015, a 10-year issuance with a yield of 7.15 percent and a risk spread of 551.8 basis

points.,
= In 2019, an issuance with a yield of 3.95 percent.
= In 2021, an issuance of USD 750 million with a coupon rate of 3.6 percent and a yield of
3.875 percent;
= In 2025, an issuance with a yield of 7.1 percent.
The yields of these issuances were formed mainly under the influence of two key factors.
1. Theyield on U.S. Treasury securities with a comparable maturity (benchmark rate).
2. Armenia’s sovereign risk premium (country risk premium).

Although the sovereign rating reflects many macroeconomic, debt-related, and political
indicators, government bond yields may also be influenced by additional factors that are not
fully captured by rating agencies. These elements include regional uncertainty, short-term
political events, and specific features of financial market regulation. Clarifying these factors is
important for achieving a more comprehensive understanding of the dynamics of government
bond yields.

Taken together, these factors shape investors’ risk expectations and the cost of
financing. Fluctuations in yields on Armenian Eurobonds indicate that both the assessment of
external risks and the quality of domestic economic governance play an important role in
building confidence in the country in international financial markets.

Demand indicators for Armenia’s Eurobonds also reflect growing confidence among
international investors, namely: on average more than 200 investors are attracted; total demand
amounts to approximately USD 2.7 billion; the highest demand was recorded in 2021 at USD
3 billion; the lowest demand was observed for the 2025 issuance at USD 2.6 billion.

These data indicate a gradual improvement in Armenia’s credit profile and the
strengthening of the country’s position in international financial markets.

The process of yield formation for Armenian Eurobonds is considered an important
component in assessing the risks of financial instruments in emerging markets under systemic
trends in international financial markets. In this context, external factors play a significant role,
within which market activity takes place, substantially influencing bond yields and risk
premiums.

In the first quarter of 2025, important developments occurred in the field of public debt
management of the Republic of Armenia. On March 12, 2025, the government successfully
placed Eurobonds in the amount of USD 750 million with a 10-year maturity, at a placement
yield of 7.10 percent and a coupon rate of 6.75 percent. This issuance, which became the fifth
foreign-currency sovereign bond issuance by Armenia on the international capital market,
exceeded the initially planned volume of USD 500 million by an additional USD 250 million.
The objective was to reduce pressure on the domestic debt market and strengthen balance-of-
payments sustainability through the attraction of external financial flows and the replenishment
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of international reserves. Actual proceeds amounted to 287.4 billion drams (USD 731.4
million), indicating high market efficiency and strong investor interest.

The increase in yields compared to 3.875 percent in 2021 requires in-depth analysis. In
2021, the yield on 10-year U.S. Treasury bonds was 1.039 percent, while Armenia’s spread
amounted to 2.836 percentage points. In 2025, the yield on U.S. bonds of the same maturity
increased to 4.24 percent, while Armenia’s spread remained almost unchanged at 2.86
percentage points. These data indicate the stability of Armenia’s risk premium in the perception
of international investors, despite a significant increase in global interest rates. Thus, the rise in
yields is mainly due to the tightening of global monetary policy rather than a deterioration of
Armenia’s credit profile.

In addition, on March 24, 2025, the Government of the Republic of Armenia redeemed
Eurobonds issued in 2015 in the amount of USD 313.166 million, which confirms the soundness
of the public debt management strategy and the effectiveness of the policy of timely repayment
of existing obligations.

These complex processes are regarded as important indicators of investor confidence
and the stability of public debt management. Strategic approaches of rating agencies can serve
as a basis for improving the country’s credit rating by ensuring predictability, mitigating risks,
and maintaining a balanced policy toward capital markets.

For a comprehensive analysis, it is necessary to conduct comparative studies of
government bond yield dynamics in emerging economies, especially those with sovereign
credit ratings similar or close to that of Armenia. Such an approach makes it possible to
distinguish between the impact of domestic macroeconomic factors and international financial
conditions, as well as to develop a deeper understanding of investor perceptions of financial
risks related to Armenia in the global market context.

For the comparative analysis, Georgia and the Baltic states (Latvia and Lithuania) were
selected due to differences in the level of financial market development, institutional maturity,
and the availability of comparable long-term data on bond yields and rating assessments. The
analysis showed that the financial markets of these countries differ in their level of maturity
and demonstrate varying responses to rating signals. In Georgia, a moderate relationship
between sovereign ratings and government bond yields is observed, with a correlation
coefficient of —0.54, and the average transmission lag of rating signals to the market is about
one month. In the Baltic states, sovereign ratings are higher according to Moody’s (A3/A— and
A2/A), which is reflected in lower yield levels ranging from 1.5 to 3.0 percent and from 1.0 to
2.8 percent, respectively, as well as in a stronger relationship with yields, with correlation
coefficients of —0.72 and —0.75. In addition, in these countries the transmission of rating signals
to the market occurs more rapidly, within one month or less, due to deep financial market
integration, information transparency, and a high level of institutional capacity.

These data indicate that market size, governance quality, and the efficiency of
information flows play an important role in the speed and strength of the impact of rating signals
on the market, which should be taken into account in financial policy and governance reforms
in emerging economies, including Armenia.
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Table 1

Country Moody’s Rating Yield (%) Correlation (r) | Average

response

Time(month)
Armenia Bl/B+ 6,5-10,5 —-0,61 15
Georgia Ba2/BB | 5,2-8,8 -0,54 1
Latvia A3/ A- 15-3,0 -0,72 <1
Lithuania A2/ A 10-28 -0,75 <1

Significant differences are also observed in the size of the risk premium. In Armenia,
the average risk premium amounts to 3—4 percent, reflecting a relatively high level of risk.
Georgia is in approximately the same range at 2.5-3.5 percent, indicating an above-average
level of confidence. Indeed, the observed relationship between sovereign ratings and the level
of the risk premium is expected: countries with higher sovereign ratings (the Baltic states)
exhibit a lower risk premium, reflecting a high level of institutional stability and investor
confidence. By contrast, Armenia and Georgia have higher risk premia, which corresponds to
a more moderate level of confidence and less developed financial markets. Thus, differences in
risk premia are consistent with sovereign ratings and the degree of financial market maturity.

Table 2
Country | Risk premium (%) | Level of investor confidence
Armenia | 3,0-4,0 Medium
Georgia | 2,5-35 Above average
Latvia 10-15 High
Lithuania | 1,0 High

The presented statistical data and analysis show that rating agency assessments not only
reflect a country’s financial and economic condition but also play an important signaling role
for the market, guiding investment decisions and contributing to financial stability. At the same
time, the depth and dynamics of this influence depend on the level of institutional market
development, the effectiveness of financial governance, and the transparency of information
flows. In the case of Armenia, key challenges remain the need to ensure rapid and efficient
information transmission, the development of secondary markets, and the institutional
strengthening of financial governance systems. Periodic revision of the public debt
management strategy by the Government of the Republic of Armenia, along with increased
transparency, can be key steps toward enhancing market confidence and strengthening financial
stability. Georgia’s experience shows that monetary policy stability, consistency of structural
reforms, and the development of institutional market mechanisms contribute to rating
stabilization and the reduction of financial risks. The example of the Baltic states highlights that
long-term maintenance of high credit ratings is possible only through deep institutional reforms,
the application of European governance standards, and broad integration of capital markets.

These insights and statistical data provide an important foundation for the development
of Armenia’s financial policy and the improvement of the investment climate, which will help
reduce financing costs, increase investor confidence, and ensure long-term prospects for
sustainable economic growth. In the context of increasing globalization and growing instability
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in international financial markets, sovereign credit ratings acquire particular importance for
developing economies. They not only reflect a country’s current financial and economic
position but also serve as an important signal for international investors, shaping expectations
regarding risk, government bond yields, and the cost of attracting external capital.
The study conducted using the Republic of Armenia as a case study made it possible to
identify a stable statistical relationship between changes in the sovereign rating and government
bond yields, with a correlation coefficient of —0.61. This confirms the existence of a direct
impact of ratings on market borrowing rates, even under conditions of limited liquidity and
institutional maturity of the market. At the same time, an important scientific result is that the
increase in yields in recent years has been driven primarily by global macroeconomic conditions
(rising interest rates in the United States and the European Union), rather than by a deterioration
in Armenia’s domestic credit profile. The stability of the risk premium (approximately 2.86
percentage points in 2025) confirms sustained investor confidence in the country.
The scientific novelty of the research is expressed as follows:
= for the first time, a systematic analysis of the dependence of Armenian Eurobond yields on
rating signals has been conducted in comparison with similar countries in the region;

= differences in the speed of market reaction have been identified: Armenia demonstrates a
delayed response (up to 1.5 months) compared to Latvia and Lithuania (up to 1 month),
which is associated with lower information transparency and market development;

= the conservative perception of Armenia by rating agencies has been identified, while
investor behavior reflects a more positive assessment of the country’s credit risk.

A comparative analysis was also conducted with other post-Soviet countries (Georgia,
Latvia, and Lithuania), which showed that:

= higher ratings and greater institutional maturity ensure lower yield levels (1-3%) and a
stronger correlation between ratings and market interest rates;

= institutional infrastructure (transparency, speed of information transmission, and
development of secondary markets) plays a decisive role in transforming rating signals into
investment decisions.

Thus, despite Armenia’s current classification as a country with a “speculative” rating,
there remains significant potential for improving its credit profile. This is driven
by:macroeconomic stability; a consistent public debt management policy; positive
dynamics in demand for sovereign bonds; a stable external position and reserve policy.

Conclusion
To enhance the transparency and predictability of fiscal policy, it is recommended to
regularly publish public debt management strategies and conduct independent audits. This
strengthens investor confidence, reduces financial risks, and improves the effectiveness of
budgetary management.
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Abstract

This study provides a comprehensive assessment of water use and water stress dynamics
in Armenia over the period 2011-2025. The analysis integrates climatic trends, sectoral water
use structure, and system efficiency to identify the key drivers of water stress. The results
indicate a significant increase in water withdrawal (+26%) alongside declining precipitation
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(—20%) and rising temperatures, demonstrating a clear decoupling between natural water
availability and demand.

At the same time, system inefficiencies remain substantial, with water losses accounting
for approximately 27-30% of total withdrawal, significantly reducing effective water
availability. Sectoral analysis reveals the increasing dominance of irrigation, reinforcing
demand-driven pressures on the water system.

The findings suggest that water stress in Armenia is primarily driven by management
inefficiencies and demand-side factors rather than absolute resource scarcity. Accordingly,
addressing water stress requires a transition toward improved efficiency, optimized water use,
and better management practices, while also considering supply-side measures.

Keywords: Water stress; water withdrawal; system losses; irrigation; climate change;
water management.

Introduction

Water scarcity has become one of the most critical global challenges of the 21st century,
affecting both environmental sustainability and socio-economic development. According to
UN-Water reports, more than 40% of the global population is already experiencing water stress
conditions, a figure projected to increase under ongoing climate change and population growth
pressures [1]. Contemporary research emphasizes that water stress is no longer solely
determined by physical resource availability, but is increasingly shaped by management
efficiency, infrastructure performance, and sectoral demand dynamics.

In semi-arid regions, climate change plays a significant role in intensifying water stress
through rising temperatures and increasing variability of precipitation. Studies have shown that
higher temperatures lead to increased evapotranspiration and irrigation demand, while declining
or erratic precipitation reduces natural water recharge. This dual effect has been widely
documented in regions such as Spain and Iran, where water scarcity is increasingly driven by
demand-side pressures rather than purely hydrological limitations [2, 3].

Armenia represents a typical semi-arid system characterized by strong seasonal
variability of water resources and high dependence on irrigation. Previous studies focusing on
water use structure in Armenia have highlighted the dominance of agricultural water demand
and the presence of significant system losses, particularly within irrigation networks. However,
these studies have primarily adopted descriptive approaches and have been limited to data up
to 2018, without integrating climatic variables or applying comprehensive modeling
frameworks [4].

Recent developments in water resource research suggest the need for integrated
approaches that combine physical, climatic, and management-related factors. In this context,
composite indices and model-based frameworks—such as integrated water resource
assessments—have been increasingly used to better capture the complexity of water stress
systems.

The present study builds upon previous empirical analyses by extending the temporal
scope to 2026 and introducing an integrated analytical framework that combines climate
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dynamics, system efficiency, and sectoral structure. In contrast to earlier descriptive studies,
this research adopts a model-based approach, incorporating regression analysis and efficiency
assessment to evaluate the drivers of water stress.

The study is conducted in Armenia, a landlocked country in the South Caucasus
characterized by complex topography and significant climatic variability. The country exhibits
features typical of semi-arid regions, including uneven spatial and seasonal distribution of
precipitation, high interannual variability, and increasing temperature trends.

Water resources in Armenia are primarily formed through precipitation, snowmelt, and
river runoff, with strong seasonal concentration during spring. The hydrological regime is
therefore highly sensitive to climatic fluctuations, particularly temperature increase and
precipitation decline. Agriculture, especially irrigation, represents the dominant water-
consuming sector, making the system particularly vulnerable to climate-induced variability.

The analysis is based on official national statistics and environmental monitoring data:
= Armstat — annual data on water withdrawal, water use, and sectoral distribution [5];
= National environmental monitoring systems — temperature and precipitation data.

The dataset integrates information from multiple sources to ensure consistency and
reliability. Where necessary, cross-validation between datasets was performed to minimize
discrepancies.

The compiled dataset covers the period 2011-2026 and includes the following variables
(Tab.1).

Table 1

Variable Unit Description
Water withdrawal | min m3 | Total volume of abstracted water
Water use min m3 | Effectively used water
Water losses min m3 | Difference between withdrawal and use
Sectoral shares % Irrigation, domestic, industry, aquaculture
Temperature °C Annual average temperature
Precipitation mm Annual total precipitation

Data processing involved several steps:
= Data consistency check — ensuring continuity across years;
= Handling missing values — linear interpolation applied where necessary;
= Unit standardization — all water volumes expressed in min ms;
= Derived variable computation — based on established hydrological relationships
To enable comparative analysis, selected variables were normalized and transformed
where appropriate.
The selected period (2011-2026) allows:
= extension of previous studies (limited to 2018);
= inclusion of recent climate trends;
= identification of long-term changes in water use and stress dynamics.
This extended dataset provides a robust basis for analyzing both structural changes and
emerging patterns in water resource management.
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Conflict Setting
The novelty of this study lies in extending the temporal coverage of water use analysis
in Armenia while integrating climatic variability, system efficiency, and sectoral dynamics into
a unified framework, which has not been addressed in previous research. The main objectives
of the study are:
= to analyze trends in water withdrawal and use (2011-2026),
= to assess the relationship between climate variables and water demand,
= to evaluate system efficiency and water losses,
» to identify the key drivers of water stress using an integrated framework.

Research Results

The methodological approach of this study combines descriptive statistics, regression
modeling, and efficiency assessment to evaluate the drivers of water stress. This integrated
approach is consistent with contemporary water resource studies emphasizing the interaction
between climate variability, water demand, and management performance [6, 7].

The framework is structured around three main components:
= water balance and loss analysis;
= climate—water interaction modeling;
= system efficiency and stress evaluation.

The analysis of the period 2011-2026 reveals a consistent increase in water withdrawal
in Armenia, rising from approximately 2438 min m3 in 2011 to 3080 min m3 in 2026,
representing an increase of approximately 26%. Water use follows a similar trend, increasing
from 1738 mIn m3 to 2160 mIn m?3 over the same period [5].

These trends confirm a steady growth in water demand, primarily driven by agricultural
expansion and increasing climatic pressure. Similar growth patterns have been reported in
previous national studies, although the present dataset extends these findings to more recent
years.

Over the study period, average temperature increased by approximately 2.6°C, while
annual precipitation declined by approximately 20%. Despite this decline in natural water input,
water withdrawal continued to increase. This indicates a strong decoupling between climatic
supply and water demand, suggesting that water use is increasingly driven by anthropogenic
factors rather than hydrological availability.

Official statistics estimate water losses at approximately 27-30% of total withdrawal.
However, actual system losses may be significantly higher in both irrigation and drinking water
supply systems. In the latter, the concept of Non-Revenue Water (NRW) encompasses both
physical losses (e.g., leakage and seepage) and commercial losses (e.g., metering inaccuracies
and unregistered consumption), and can reach substantial levels, particularly in systems
characterized by aging infrastructure and limited operational control. This suggests that reported
loss values may substantially underestimate the true extent of system inefficiencies and
associated resource losses.

Water stress in Armenia has intensified due to the combined effects of increasing
demand, declining precipitation, and persistent system inefficiencies.

109



Bulletin Of High Technology N 1 (37) 2026.-pp. 106-114.

ECONOMICS

V.H. Tokmajyan, A.Kh. Markosyan, G.H. Martirosyan, A.K. Harutyunyan

TRENDS IN WATER USE AND WATER STRESS IN ARMENIA (2011-2025): INTEGRATING CLIMATE
DYNAMICS, SYSTEM EFFICIENCY, AND RESOURCE MANAGEMENT

Temporal Trends in Water Withdrawal, Temperature, and Precipitation in Armenia (2011-2025)
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The sectoral analysis shows a clear increase in the share of irrigation, from
approximately 49% in 2011 to 63% in 2026. In contrast, domestic and industrial water use
remained relatively stable or declined slightly. The increasing dominance of irrigation
intensifies system vulnerability and reinforces demand-driven water stress patterns.

The water stress indicator (Withdrawal/Precipitation) increased significantly over the
study period, from approximately 4.2 in 2011 to 6.9 in 2025. This nearly twofold increase
reflects the combined effects of rising demand and declining natural supply.

Fig. 2 Impact of system
losses on effective water
availability in Armenia
(2011-2025), showing
that a significant portion
of withdrawn water is
not utilized productively
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Although water demand growth is partly driven by climatic and economic factors, it is
largely shaped by inefficient management practices that promote inefficient water use and
contribute to persistently high levels of system losses.

Conclusion

In the context of increasing globalization and growing instability in international
resource systems, water security is becoming a critical component of national resilience.
This study provides a comprehensive assessment of water use and water stress dynamics in
Armenia over the period 2011-2026, integrating climatic trends, sectoral structure, and system
efficiency into a unified analytical framework.

The results demonstrate a substantial increase in water withdrawal (+26%) alongside
declining precipitation (—20%) and rising temperatures, indicating a clear decoupling between
natural water availability and demand. At the same time, water losses remain persistently high,
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both in relative terms (27-30%) and in absolute volumes, significantly reducing effective water
availability.

A key finding of the study is that water stress in Armenia is not primarily driven by
absolute resource scarcity, but rather by structural inefficiencies and demand-side pressures.
The increasing dominance of irrigation and the persistence of system losses further amplify the
vulnerability of the water system under changing climatic conditions.

Water stress in Armenia should be understood as a management-driven and demand-
amplified phenomenon rather than a purely resource-limited condition.

Addressing water stress in Armenia does not necessarily require increasing water
resources, but rather improving the efficiency and management of existing systems.

Policy implications
Priority should be given to reducing physical and commercial water losses through:
= rehabilitation of aging infrastructure,
= implementation of leakage detection and control systems,
= improvement of metering and monitoring practices.
Given the dominant role of irrigation, significant gains can be achieved by:
= transitioning to efficient irrigation technologies (e.g., drip systems),
= optimizing irrigation scheduling based on climatic conditions,
= reducing conveyance losses in open canal systems.
Water management in Armenia should be primarily focused on improving water use
efficiency, while also considering opportunities to increase water supply.
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tJd nsUNKULENP LUAUYUNUUL 4EPLARDNRE-3NRL
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"Prnpwiywbh widwl ptipbuwaghpnaguts hbuphpno,
2Quywugputh wbypwluwl plipbuwghpuwluwt hwdwuwpwb

Unyu nwnwiuwuppnyeniup ubipluywgund £ wjwuwnwund gpogunwgnpddw b
opwihu  upptiup nhuwdhywjh  hwdwwwpthwy gquwhwwnd 2011-2025 pYwlwtubpp
hwdwp: dbpnwéneniup  dhwynpnd £ Yihdwjwwu  dhnnwdubipp,  9pogunwignpddwu
ninpuwiht Yunniguwdpp b hwdwlwpguwht wipnyniuwydbunieniup’ pugwhwjnbne ogpuwghu
uppbtiuh hhduwlwu gnpdntuubpp:

Upryniupubipp gnyg Gu wwihu opwnh qquih wé (=26%)" wnbnnwiubph ujwqdwu
(=20%) L obpdwuwnhtwuh wéh wwjdwuubpnd, husp Jyuynd £ puwlwu  opwyhu
wwownpubph b wwhwuowpyh dhol huwnwly wnwpwuowwnmdwt dwupt: Uhwdwdwuwl,
opwyhu Ynpnwwnubpp wwhwwudnd B pwpdp dwwpnuyh Jpw (=27-30%)" bwwbu
ujwgbigutiind wpryniuwybinn 9pwjhu hwuwubijhnye)niup:

Ninpunwghtu Jbpindngeniup gnyg £ wnwihu nnngdwtu  gbipwyonnygjwu wé, npp
dtdwgunud £ wywhwuownyny wwjdwuwynpywsd Gugnuip hwdwlwpgh Yypw:
Nwnwiuwuhpnyejwt - wpryniupubipp Jyuynd Gu, np <wjwunwund  9pwjhtu  uepbiup
wwjdwuwynpyws £ ng dhwyu nbunputbph  uwhdwuwhwynyejwdp, w) hhduwlwunwd
Yuwnwywpdwu wuwpryniuwybinnyejudp b ywhwugwnyh gnpdnuubipny:

Pwbiwgh pwnbp. 9pwjhu uppbiu, opwn, opwjhtu Ynpnwnubip nnngnd, Yihdwywlwu
thnthnfunyejniu, opwihtu wnwywpnud

TEHAEHIUHU BOJOINOTPEBJIEHUA U JTE®PUIIUTA BOJAbI BAPMEHNHU
(2011-2025): AHAJIN3 JMHAMUKHU KJIINUMATA, DPOPEKTUBHOCTHU
CUCTEMBbI U YIIPABJIEHUSA PECYPCAMU

B.O. Toxmamxsanl, A.X. MapkocsinZ, I'.A. Maptupocsin!, A.K. Apyrionsin’

! Unemumym sxonomuxu um. M.Komanana
Apmainckuii 20cyoapcmeentblii dKOHOMUHECKUTE YHUSEPCUME

[IpencraBieH KOMIUIEKCHBIN aHATU3 JHHAMUKH BOJIOTIONB30BaHUS M BOJIHOTO CTpecca B
Armenia 3a niepuoa 2011-2025 rr. MccnenoBanue o0beIMHAECT KIMMAaTHUYCCKUE TECHIACHITUH,
0TpacieByl0 CTPYKTYPY BOAOMOTpeOseHUs U 3(PEKTUBHOCTh CUCTEMBI C LIEbIO BBISBICHUS
KJTFOUEBBIX (haKTOPOB (hOPMHUPOBAHUS BOJHOTO CTpecca.
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Pe3ynbraThl MOKa3bIBaIOT 3HAYMTENBHBIM POCT Bojxo3abopa (+26%) Ha ¢oHe CHUKEHUS
ocagkoB (—20%) ¥ TOBBIINICHUS TEMIIEPATyphl, YTO CBHJIETEIBCTBYET O pa3pbiBE MEXIY
MPUPOAHON 00€CIeYeHHOCThI0 BOJOM U cmpocoMm. [Ipu 3ToM moTepu BOABI OCTArOTCS
BbICOKMMH (~27-30%), 4TO CylIeCTBEHHO CHIKaeT 3((EKTHUBHYIO JOCTYIHOCTb BOJHBIX
PECYpPCOB.

AHanu3 CTPYKTYypbl BOAOIIOJIb30BAHUS MOKA3bIBAET BO3PACTAIOILYIO POJIb OPOLICHMS,
YCWJIMBAIOILIETO JaBJI€HNUE HA BOJHYIO CUCTEMY.

[TosrydyeHHbIE pe3ynbTaThl CBUAETEILCTBYIOT O TOM, YTO BOAHBIN cTpecc B ApMeHUHU
00yCJIOBJIEH HE CTOJBKO AC(PHUIUTOM PECypCcOB, CKOJIBKO HEI(P(PEKTHBHBIM yIpaBICHHEM U
pOCTOM cripoca.

Knrwueswie cnosa: BOHHLIﬁ CTpPECC; BO,I[03860p; MOTCpHU BOJAbI; OPOIICHUC; UBMCHCHHUC
KJIMMaTa; yIpaBJICHUC BOAHBIMU PECYPCaMU.
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